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FOREWORD 


This  repo/t  describes  an  investigation  to  determine  the  aerodynamic 
feasibility  of  single  and  tandem  cascades  for  vectoring  the  thrust  of 
V/STOL  aircraft.  The  investigation  was  conducted  by  the  Flight  Pro* 
pulsion  Division  of  the  General  Electric  Company,  Evendale,  Ohio, 
under  U.S.  Army  Contract  Number  DA  44-177-AHC-73(T) .  The  Project 
Engineer  was  J.  R.  Erwin  and  the  principal  engineers  conducting  the 
investigations  were  D.  E.  Clark,  E.  G.  Giffin,  and  J.  G.  Kirkpatrick. 
The  experimental  phases  of  the  project  began  in  June  1963,  and  were 
completed  in  June  1964. 
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SUMMARY 


PHASE  I 


Variable  camber  airfoils  of  three  different  types  --  articulated, 
flapped,  and  flexible  --  were  tested  in  the  Transonic  Cascade  Tunnel 
to  determine  their  suitability  for  use  in  thrust -vector Ing  tandem  cas¬ 
cades  for  V/STOL  aircraft.  The  regulred  conditions  were  inlet  flow 
angles  of  JO,  34  (nominal),  and  38  ,  and  inlet  Mach  numbers  from  about 
0.30  to  drag-rise  (0.40  to  0,70),  with  a  nominal  inlet  Mach  number  of 
O.bO.  Only  the  flexible  airfoil  cascade  was  capable  of  producing  the 
required  turning  angle  (67.3  )  with  low  loss  at  the  nominal  inlet  con¬ 
ditions.  Therefore,  this  type  was  selected  for  further  investigation 
in  single  and  in  tandem  cascade  arrangements. 

PHASE  II 


Single  cascades  of  flexible  airfoils  were  tested  in  a  more  systematic 
and  detailed  investigation  to  determine  proper  cambers  and  setting 
angles  for  their  use  in  single  and  tandem  cascades.  Consistent  turning 
angle  and  loss  coefficient  results  were  obtained  for  the  camber  range 
from  30  to  78  over  a  range  of  inlet  angles  from  30  to  38  and  inlet 
Mach  numbers  from  about  0.30  to  0.60. 

Tandem  cascades  of  flexible  airfoils  were  tested  with  overall  flow 
turning  angles  of  50,  70,  90  and  130  .  Although  the  flow  in  the  aft 
cascade  appeared  to  be  satisfactory  during  tuft  studies  at  very  low 
speeds  (M  ;^0.10),  the  losses  increased  rapidly  with  increasing  inlet 
Mach  number  and  were  unacceptably  high  at  Mj^  =  0.50.  These  results  were 
believed  to  be  due  primarily  to  strong  secondary  flows  occurring  in  the 
low-aspect -ratio  (AR  =  1)  test  airfoils.  The  porous  wall  technique  was 
employed  to  increase  the  effective  aspect  ratio  of  the  forward  cascade. 
Through  the  use  of  this  technique  and  other  minor  modifications,  satis¬ 
factory  tandem  cascade  results  were  obtained  at  the  nominal  inlet  con¬ 
ditions  for  the  vertical  thrust  and  reversed  thrust  modes  of  V/STOL  air¬ 
craft  operation. 

PHASE  III 


An  experimental  evaluation  of  the  tandem  cascade  thrust  vectoring  system 
was  made  on  a  scale  model  of  a  cruise  fan  installation  using  two  cas¬ 
cades  of  flexible  camber  airfoils. 

A  satisfactory  level  of  thrust  vectoring  was  demonstrated  over  the  range 
from  zero  to  maximum  vectoring.  The  following  significant  results  were 
obtained,  described  by  the  angle  by  which  the  thrust  was  vectored  and 
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r 


the  Mgnltude  of  the  resultant  thrust  expressed  as  a  percent  of  the  un¬ 
vectored  fan  thrust: 


Vector  Angle 

Thrust  Vector 

(degrees) 

(percent) 

Basic  Fan  Thrust 

0° 

100 

Single  Cascade  -  Uncambered 

0° 

97.5 

Single  Cascade  -  Maximum  Camber 

64.4° 

93.6 

Tandem  Cascade  -  VTOL 

90° 

92.6 

Tandem  Cascade  -  Maximum  Camber 

124° 

86.8 

Tandem  Cascade  -  Maximum  Reversal 

130° 

84.1 

In  general  after  the  2-1/2  percent  loss  Incurred  by  inserting  the  first 
uncao^ered  cascade  in  the  air  stream, ^the  Loss  increased  from  7  percent 
at  90  vectoring  to  13  percent  at  124  vectoring.  A  maximum  of  54  per¬ 
cent  reversed  thrust  was  obtained. 
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CONCLUSIONS 


The  combination  of  transonic  cascade  tunnel  testing  and  scale  model 
system  testing  conclusively  demonstrated  that  tandem  cascade  thrust 
vectoring  can  provide  an  efficient  system  for  STOL  or  VTCH^  propulsion 
systems. 

The  performance  superiority  of  the  flexible  airfoils  over  the  flapped 
and  articulated  airfoils  is  clear  and  dramatic  up  to  test  Mach  numbers 
encountered  in  V/STOL  devices.  After  evaluation  of  proper  testing 
techniques,  wind  tunnel  cascade  testing  of  the  flexible  airfoils  in  a 
tandem  cascade  configuration  showed  satisfactory  operation  up  to  test 
Mach  numbers  of  0.5. 

Low-speed  testing  with  two  cascades  of  flexible  camber  blading  behind  a 
scale-model  cruise  fan  demonstrated  efficient  thrust  vectoring  through 
90  suitable  for  VTOL  operation.  Efficient  thrust  vectoring  through  67° 
and  130  %rlth  a  maximum  of  54  percent  of  reversed  thrust  as  required  for 
STOL  operation  was  also  demonstrated. 

The  demonstrated  performance  could  clearly  be  improved  since  there  were 
distinct  deviations  in  the  quality  of  the  scale-model  blading.  Further 
improvement  is  possible  as  a  result  of  discovering  unexpected  spreading 
of  the  free  Jets,  which  caused  some  of  the  flow  to  miss  the  deflecting 
cascades.  The  results  from  the  cascade  wind  tunnel  tests  obtained  at 
high  Mach  number  prove  that  these  low-speed  results  obtained  at  0.1  Mach 
number  are  valid  up  to  an  operating  Mach  number  of  0.5.  Consequently, 
the  application  of  the  tandem  cascade  thrust  vectoring  system  to  V/STOL 
systems  is  feasible. 
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It  is  reconsended  that: 


1.  A  similar  investigation  be  conducted  to  demonstrate  the  design  of 
a  thrust  vectoring  system  to  maximize  the  efficiency  at  90 
vectoring  for  VTOL  and  to  further  improve  tlie  reversed  thrust 
capability.  Tests  of  the  fixed  90  turning  cascade  followed  by 

a  flexible  camber  cascade  produced  152  vectoring  angle  with 
68  percent  reversed  thrust. 

2.  A  similar  program  be  cogducted  to  evaluate  the  feasibility  of, 
and  to  demonstrate,  a  0  to  90  variable  camber  cascade  as  a 
single  deflecting  cascade. 

3.  A  high  Mach  number  test  of  a  suitably  scaled  configuration  be 
conducted  to  assess  aeromechanical  problems  of  a  practical  design. 
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INTRODUCTION 


Use  of  cruise  engines  as  part  of  any  ’’/STOL  lifting  system  is  a  basic 
requirement.  No  efficient  V/STOL  aircraft  design  could  afford  the 
luxury  of  an  Independent  lift  system  which  did  not  utilize  the  cruise 
engines.  Simple  means  of  varying  the  d..rection  of  the  cruise  engine 
thrust  vector  is  an  essential  requirement  in  practical  V/STOL  applica¬ 
tions.  Tilting  or  swivelling  engines,  convertible  lift  fans  and  various 
thrust  deflection  schemes  are  the  main  approaches  to  this  requirement. 

A  tandem  cascade  exhaust  system  (Figure  1)  is  a  novel  thrust  deflection 
method  which  has  been  studied  by  the  General  Electric  Coni[)any.  It  ofltrs 
the  potential  for  efficient  operation  over  a  continuous  range  of  flow 
deflections  from  horizontal  through  vertical  to  about  ♦'5  forward  oi 
vertical.  The  flow  turning  required  varies  from  0  to  13";  .  Tlus  saim 
system  would,  therefore,  be  applicable  to  VTOL  systems  and  include  at  the 
same  time  the  very  difficult  thrust  reversing  capability  for  STOL 
operation . 

FIXED-CiNMBER  AIRFOILS 


The  broad  range  of  travel  required  of^a  vectored  thrust  system  for  VTOL, 
STOL,  and  reverse  thrust  operation  (0  to  133  )  is  believed  to  tie  we’l 
beyond  the  capability  of  a  single  row  of  conventional  airfoils.  The  best 
known  per f ormance^for  conventional  inlet  gui^e  vanes  or  exit  louvrs 
(operating  with  0  inlet  angle)  is  about  _r20  .  Althougti  tandim  (.arcades 
of  such  girfoils  have  not  been  extensively  inv.-st  igat  ed ,  it  would  s»  «  11 
that  _^0  would  be  the  maximum  operating  range  of  f  i  xi’d  -  camlu  r  air  toils 
that  could  be  expected,  and  only  then  with  substantial  statii  pressun 
drop . 

FLAPPED  AIRFOILS 


When  thrust  vectoring  is  being  considered,  it  is  usually  desired  not  to 
affect  the  fan  discharge  pressure  through  the  use  of  the  vectoring  de¬ 
vice.  This  constant-static-pressure  turning  of  the  flow  s  referred  to 
as  "impulse".  In  order  to  determine  the  performance  of  exit  louvers 
under  Impulse  conditions,  a  cascade  of  flapped  airfoils  has  been  tested 
in  the  General  Electric  Transonic  Cascade  Tunnel  (TCT) ,  Figure  2,  over 
a  range  of  inlet  gngles  and  flap  angles  (Reference  1).  ilu  ri  suits 
indicate  that  _+20  of  turning  can  be  achieved  with  low  loss  without 
static  pressure  drop.  The  possibility  exists  that  s^eci.illy  designed 
flapped  airfoils  can  acccimplish  the  range  of  _e33-3/4  of  turnin,;  re¬ 
quired  of  louver  vanes  in  a  typical  thrust  ve'ctorlng  tandeii  e.iseade 
(Figures  3  through  7).  The  cascade  of  flapped  lilades  is  shown  in 
Figure  8. 
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ARTICULATED  AIRFOILS 


The  General  Electric  Company  has  recently  conducted  a  limited  series  of 
tests  on  articulated  Inlet  guide  vanes  (Reference  2),  Figure  9,  These 
articulated  inlet  guide  vanes  are  of  somewhat  unusual  design  in  that  the 
fixed  forward  portion  is  a  relatively  small  percent  (about  20  percent) 
of  the  total  chord  length  of  the  vanes.  The  pivoting  flap  portion  made 
up  the  remaining  chord  length  of  the  airfoil.  Tests  at  a  solidity  of 
1.50  with  these  articulated  inlet  guide  vanes  yielded  low-loss  turning 
angles  of  about  +50  (inlet  air  angle  with  respect  to  cascade,  -  0  ). 
Substantial  static  pressure  drop  occurred.  This  type  of  airfoil  has  not 
been  tested  as  a  tandem  cascade.  There  is  reason  to  believe,  however, 
that  a  tandem  cascade  of  these  inlet  guide  vanes  with  the  second  row 
also  fully  articulated  might  exhibit  the  necessary  range  for  a  thrust 
vectoring  system  to  accomplish  both  VTOL  and  STOL  requirements.  The 
observed  wide  operating  range  would  probably  not  be  achieved  under  im¬ 
pulse  (constant  static  pressure)  condition.  For  efficient  operation  of 
articulated  airfoils,  a  significant  drop  in  static  pressure  across  the 
cascade  with  a  resultant  Increase  in  fan  static  back  pressure  may  be 
r  cqulred . 

FLEXIBLE  AIRFOILS 

The  success  of  the  articulated  airfoil  has  stimulated  ideas  for  achieving 
further  advances  in  the  design  of  airfoils  to  work  efficiently  with  very 
broad  ranges  of  thrust  deflections.  Sometime  ago  the  possibility  of 
using  variable-camber  airfoils  was  considered.  At  that  time  two  novel 
types  of  variable-camber  airfoils  were  constructed.  One  type  uses  a 
room-temperature  vulcanizing  silicon  rubber  for  one  of  the  aerodynamic 
surfaces  and  metal  shim  stock  (Figure  10)  for  the  other  aerodynamic 
surface.  Figure  ll  illustrates  another  type  which  has  been  constructed 
using  a  flexible  compressed  honeycomb  for  one  of  the  aerodynamic  surfaces 
and  metal  shim  stock  for  the  other.  A  variation,  which  could  be  applied 
to  either  type  of  material,  would  be  to  use  the  continuous  metal  shim 
stock  for  the  meanline  of  the  airfoil,  and  to  use  the  expandable  material 
for  both  aerodynamic  surfaces.  The  aerodynamic  performance  of  these 
flexible  airfoils  has  not  yet  been  measured.  The  metal  honeycomb  air¬ 
foils  will  be  tested  In  both  single  and  tandem  cascades  in  order  to 
establish  the  range  of  operation  attainable  with  high  efficiency. 

TANDEM  CASCADE  ARRANGEMENT 


A  method  for  achieving  continuous  thrust  vectoring  from  the  horizontal 
cruise  condition  through  the  STOL  and  VTOL  modes  to  thrust  reversal  with 
R  tandem  cascade  system  has  been  briefly  considered.  In  a  proposed 
scheme  the  powerplant  nacelle  has  a  transition  from  circular  cross-section 
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to  rectangular  in  the  zone  of  the  vectoring  cascades,  but  the  present 
investigation  will  use  a  conical  nozzle  and  elliptical  cascades. 

In  this  system  (refer  to  Figure  1)  the  first  row  of  the  cascade  is  fixed 
in  one  position  to  accommodate  all  operating  conditions  including  cruise, 
and  the  second  row  is  variable  so  that  it  can  be  positioned  at  all 
operating  conditions  for  Impulse  turning  and  stowed  for  cruise.  Both 
rows  consis^  of  variable -camber  vanes.  For  the  maximum  flow  turning  re¬ 
quired,  135  ,  the  turning  is  divided  equally  between  the  two  cascades. 

The  arrangement  is  such  that  in  this  ful  I -reverse-thrust  pi)sition  both 
cascades  operate  in  the  Impulse  condition,  that  is,  with  the  inlet  flow 
angle  to  the  cascade  equal  to  half  the  cascade  turning  angle  as  shown  in 
Fig  ure  3.  In  this  case,  each  cascade  is  set  at  an  angle  of  33. /j  to  its 
inlet  flow  and  each  contributes  67-1/2  of  turning. 

The  relationship  between  cascade  and  air  angles  and  this  desired  impulse 
condition  can  be  shown  with  simple  vector  diagranis.  In, pulse  conditions 
are  present  when  the  area  of  the  cascade  normal  to  ml  it  flow  is  equal 
tt)  the  area  of  the  cascade  normal  to  the  discharge  flow.  See  Figure  12 
for  cascade  geometry  nomenclature. 


Case  II 


In  Case  I,  the  area  normal  to  inlet  flow  is  a  function  ot  the  product  of 
cascade  pitch  "t"  and  cosine  .  The  discharge  area  is  a  function  of  the 
product  of  cascade  pitch  "t"  and  cosine  92-  1*  area 

change  and  the  impulse  condition  is  present.  In  Case‘'II,  the  inlet  area 
is  a  function  of  the  product  of  cascade  pitch  "t"  and  the  cosine  of  9^ 
(33-3/4  ).  The  discharge  area  is  a  function  of  the  (iroduct  of  cascade 
pitch  "t"  and  the  cosine  of  (0  ).  The  discharge  to  inlet  area  ratio 
is  then  about  1.2  and  a  diffusion  condition  exists.  Diffusion  during 
turning  is  known  to  be  detrimental  to  cascade  performance. 
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MODE  or  OPERATION 


It  Is  proposed  that  for  STOL  operation,  only  the  first  cascade  would  be 
used  and  the  second  cascade  would  be  carried  In  a  closed  position  aligned 
with  the  discharge  flow  (Figure  4).  For  the  larger  flow  deflections  re¬ 
quired  for  VTOL  operation  and  thrust  reversal,  the  second  cascade  Is  In 
a  position  to  Intercept  the  discharge  flow  from  the  first  cascade  so  that 
the  Inlet  flow  angle  of  the  second  cascade  would  equal  half  of  the  turn¬ 
ing  produced  by  the  second  cascade  (Figure  5).  Thus,  the  second  cascade 
always  operates  In  the  Impulse  or  constant  static  pressure  condition. 

The  first  cascade  operates  with  varying  amounts  of  negative  reaction 
(pressure  rise)  except  during  cruise  or  the  reversed  thrust  condition. 

For  cruise  the  Ilist  cascade  Is  set  with  the  vanes  at  zero  camber  and 
the  second  cascade  Is  stowed  (Figure  6).  An  Intermediate  position  Is 
sho%^  In  Figure  7. 

CRITICAL  OPERATING  COWDITIOH 


Although  this  particular  configuration  may  not  be  optimum  when  the 
practical  details  of  retraction  and  stowage  are  considered.  It  does 
exhibit  certain  aerodynamic  advantages.  Both  cascades  are  of  minimum 
length  and  have  the  same  maximum  turning  requirement.  The  most  difficult 
aerodynamic  job  (maximum  static  pressure  rise)  that  the  airfoils  In  the 
proposed  cascade  murt  accomplish  is  turning  the  flow  by  (0  =  0°). 

This  condition  occurs  In  the  first  cascade  for  the  STOL  position  and  was 
Case  II  In  the  previously  discussed  example.  The  cascade  data  obtained 
by  Reference  3  dgmonstrated  that  a  significantly  more  difficult  job  than 
this  (turning  45  from  0  a  45  )  can  be  accomplished  efficiently,  so  no 
aerodynamic  breakthrough  other  than  providing  the  proper  effective  camber 
is  required  (area  ratio  of  1.415  vs.  1.2  in  Case  II).  As  the  turning 
requirement  Increases  beyond  33.75  ,  the  static  pressure  rise  produced 
decreases  until  the  impulse  condition  Is  reached  at  the  maximum  turning 
required  of  67-1/2  (02  =  33.75  )  where  0j^  =  02. 


PRACTICAL  CONSIDERATIONS 


It  may  not  be  necessary  to  provide  a  physical  boundary  between  the  ex¬ 
tremities  of  the  first  and  the  second  cascades.  (Theoretically,  the 
static  pressure  between  the  cascades  would  be  ambient  for  an  Impulse 
condition  in  the  first  stage.) 

It  may  be  of  practical  Importance  that  the  force  vector  produced  by  the 
second  cascade  Is  always  radially  outward  from  the  hinge  point  with  the 
exception  of  the  aerodynamic  drag.  For  this  reason,  the  force  required 
to  actuate  the  second  cascade  In  rotation  about  the  hinge  point  will  be 
quite  small.  In  fact,  It  Is  possible,  although  perhaps  not  practical, 
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to  control  the  airfoils  of  the  second  cascade  in  such  a  manner  as  to  pro¬ 
duce  aerodynamic  forces  to  assist  in  moving  the  cascade  in  the  desired 
direction. 

In  the  tandem  cascade  arrangement  initially  considered  and  previously  de¬ 
scribed,  the  operating  requirements  of  the  second  cascade  are:  ^ 

(1)  thrust  reversal,  a  turning  angle  of  68  with  an  inlet  angle  of  34  ; 

(2)  VTOL,  a  turning  angle  of  38  with  an  inlet  angle^of  19^;  (3)  tran¬ 

sition,  continuous  variation  in  turning  angle  from  38  to  0  and  inlet 
air  angle  with  inlet  air  angle  equal  to  one-half  of  the  turning  angle; 

(4)  STOL,  stowed.  Relatively  complex  mechanical  problems  arise  as  a  re¬ 
sult  of  the  transition  phase  of  operation  because  of  simultaneous  varia¬ 
tions  in  camber  of  first  cascade  row  and  leading  edge  angle,  camber  and 
angular  position  of  the  second  cascade  row. 

A  study  of  the  overall  system  was  made  to  determine  other  possible  schemes 
which  would  eliminate  some  of  the  mechanical  problems  with  reasonable 
compromises  to  the  system  aerodynamics.  The  resulting  scheme  allowed 
fixing  of  the  leading  edge  portion  of  the  blading  in  the  second  cascade 
row  and  permits  two-position  operation  of  the  second  cascade  row.  The 
aerodynamic  compromises  accepted  were  a  15  swing  in  incidence  angle  on 
the  second  cascade  row  and  operation  of  the  second  cascade  row  at  a 
slight  pressure  rise  during  transition.  (This  pressure  rise  results 
from  turning  the  flow  through  19  from  an  inlet  air  angle  of  19  which 
corresponds  to  an  area  ratio  of  about  1.06.)  Neither  of  these  compromises 
is  very  severe,  nor  is  either  expected  to  detract  from  system  performance. 

Under  this  more  practical  arrangement,  the  operating  requirements  are: 

(1)  thrust  reversal,  as  before;  (2)  VTOL,  as  before;  (3)  transition, 
continuous  ^ariation  in  turning  angle  from  38  t^  0  at  an  inlet  air 
angle  of  19  by  uncambering  the  second  cascade  row;  (4)  STOL,  as  before. 
The  advantages  of  this  arrangement  arc:  (1)  similarity  of  the  actuation 
systems  in  the  first  and  second  cascades  for  camber  changes,  since  lead¬ 
ing-edge  variation  of  the  second  cascade  has  been  eliminated,  (2)  the 
leading  edge  of  the  second  cascade  can  act  as  an  integral  structural 
member;  (3)  two-position  operation  for  the  second  cascade;  (4)  sim¬ 
plicity  in  programming  motions,  since  no  simultaneous  changes  are  re¬ 
quired  . 
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SCOPE  OF  INVESTIGATION 


PHASE  1  -  COMPARATIVE  CASCADE  TESTS 


The  present  program  Included  two  phases  of  investigation  using  TCT.  The 
first  phase  consisted  of  a  comparative  evaluation  of  the  merits  of 
flapped,  articulated  and  flexible  airfoils.  The  test  conditions  in¬ 
cluded  the  range  of  air  deflection  angles  required  to  establish  the 
relative  merits  of  the  st.  .eral  airfoil  types  at  several  values  of  inlet 
Mach  number. 

The  requirements  of  the  beading  in  a^typlcal  tandem  cascade  system  are 
variable  turning  angl.  (0  to  67-1/2  )  at  constant  inlgt  angle  in  the 
front  cascade  and  variable  turning  angle  (0  to  67-1/2  )  with  inlet 
angle  equal  to  one-half  of  the  turning  angle  in  the  second  cascade.  The 
wide  operating  range  requirements  of  this  system  suggest  the  use  of  cas¬ 
cades  in  which  the  blade  shape  is  made  variable.  Three  possible  types 
of  blades  for  fulfilling  this  requirement  are:  (1)  flexible  blades, 

(2)  articulated  blades,  and  (3)  flapped  blades.  The  flexible  blade 
IS  a  single  unit  in  which  the  shape  is  altered  by  a  physical  bending  of 
the  blade.  The  articulated  and  the  flapped  blades  consist  of  two  units 
(a  front  and  a  rear  portion)  which  achieve  the  variable  geometry  by 
pivoting  the  two  units  relative  to  each  other.  The  characteristic  that 
distinguishes  these  two  blade  types  is  the  motion  between  the  front  and 
rear  portions.  In  the  case  of  the  flapped  blade,  the  rear  portion  of 
the  blade  retracts  from  the  front  portion  to  form  a  pseudo -t andem  cas¬ 
cade.  In  the  articulated  blade,  the  two  units  pivot  but  do  not  translate. 

The  present  Investigation  consisted  of  the  design  and  experimental  eval¬ 
uation  of  the  three  types  of  blades  in  cascade.  The  tests  were  conducted 
in  the  TCT.  The  test  conditions  covered  the  complete  range  of  air  de¬ 
flection  angles  required  (0  to  67-  1/2  )  and  Included  several  inlet  Mach 
numbers . 

PHASE  II  -  TANDEM  CASCADE  TESTS 


Fr  om  the  information  obtained  in  Phase  I,  the  optimum  tandem  cascades 
were  selected^to  perform  the  total  thrust  deflection  required,  ^tom 
horizontal  (0  )  through  vertical  (90  ),  to  thrust  reversal  (136  The 
first  cascade  was  set  for  turning  angles  of  30  ,  46  ,  and  67-1/2  at 
constant  inlet  angles  of  30  ,  34  ,  and  38  .  For  each  setting  of  the 
first  cascade,  the  second  was  set  for  the  appropriate  inlet  angle  and 
turning  angle  to  maintain  impulse  conditions.  Basic  cascade  performance 
data  was  recorded  at  several  values  of  inlet  Mach  number. 


10 


PHASE  III  -  SCALE  MODEL  SYSTEM  TESTING 


After  the  basic  cascade  performance  data  was  obtained,  a  low-speed, 
scale-model,  test  program  to  demonstrate  the  application  of  the  tandem 
cascade  principle  was  conducted.  In  this  test,  a  representative  scale 
model  of  a  complete  system  was  tested  under  all  of  the  basic  flight 
conditions  possible  with  the  tandem  cascade  arrangement,  including 
normal  forward  flight,  STOL,  VTOL,  and  reversed  thrust.  Low-speed 
flight  conditions  and  ground  effects  were  simulated. 

The  scale-model  tests  employed  an  existing  fan  which  is  an  aerodynamic 
scale  of  the  X353-5  lift  fan.  It  has  been  used  since  1960  as  a  research 
vehicle  for  investigating  system  and  internal  aerodynamic  effects  on 
lift  and  cruise  fans.  It  is  instrumented  for  the  measurement  of  thrust, 
power,  efficiency,  fan  flow  and  pressure  rise,  and  is  equipped  to 
operate  in  a  free  jet  to  simulate  flight  speeds  equivalent  to  the  range 
from  50  to  140  knots.  It  has  recently  been  used  to  investigate  the 
performance  of  a  cruise  fan  wing-mounted  nacelle  with  provision  for 
thrust  deflection  by  methods  other  than  the  use  of  cascades.  It  is 
obvious  from  these  tests  that  the  use  of  cascades  is  necessary  for  good 
performance  and  would  permit  an  installation  utilizing  the  least  avail¬ 
able  space. 

The  basic  feasibility  of  various  tandem  cascade  arrangements  was  studied 
by  installing  both  turning  cascades  with  adjustable  stagger  and  camber. 
Thrust,  power,  fan  flow,  ’and  system  efficiency  were  measured  under 
static  conditions  and  conditions  of  simulated,  low-speed  flight.  Ground 
effect  tests  were  run  to  determine  the  effect  on  the  operation  of  the 
tandem  cascade.  The  effect  on  the  fan  of  the  diffusing  conditions  (STOL) 
and  the  effect  of  the  external  flow  on  the  diffusing  cascade  were 
determined. 

A  number  of  basic  design  questions  required  for  the  design  of  the  tandem 
cascade  system  were  investigated;  e.g.,  the  need  for  side  plates  and  the 
need  for  confining  the  jet  between  the  tandem  cascades. 
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TECHNICAL  DISCUSSION  -  PHASE  I 


GENERAL 


The  purpose  of  the  Phase  I  Investigation  was  to  select  a  satisfactory 
variable  camber  airfoil  type  capable  of  turning^flow  having  an  inlet 
Mach  number  of  about  0.50  through  angles  from  0  to  67-1/2  .  The  tandem 
cascade  was  intended  operated  with  the  first  cascade  at  a  fixed 

inlet  angle  of  about  34  and  with  the  camber  variable  as  required  for 
thrust  vectoring.  The  second  cascade  would  operate  at  variable  inlet 
angles  and  with  variable  camber  in  an  angular  relationship  such  that 
little  or  no  static  pressure  change  (Impulse  condition)  occurs  across  the 
second  blade  row.  Since  a  small  static  pressure  rise  will  occur  across 
the  first  cascade  at  intermediate  turning  angles  between  0  and  67-1/2°, 
the  first  cascade  is  the  more  difficult  from  the  standpoint  of  airfoil 
operation.  Therefore,  single  cascade  performance  was  measured  at  fixed 
inlet  angles  corresponding  to  the  operation  of  the  forward  cascade  of  a 
tandem  arrangement. 

The  optimum  incidence  angle  was  not  known  for  the  new  airfoils  to  be 
tested  in  this  Investigation.  Using  the  Transonic  Cascade  Tunnel  (TCT) , 
it  is  convenient  to  vary  the  inlet  angle,  ,  while  maintaining  the 
setting  angle,  X,  of  the  airfoils  fixed.  To  determine  satisfactory  in¬ 
cidence  angles  and  to  provide  further  operating  information,  each  of  the 
three  differgnt  tgpes  of  airfoils  was  tested  at  several  inlet  angles, 
generally  30  ,  34  ,  and  38  .  The  flapped  blades  did  not  perform  well  at 
30  ,  however,  so  the  lowest  iniet  angle  was  increased  to  32  for  this 
se  t  . 


Since  the  purpose  of  this  phase  was  to  select  a  satisfactory  airfoil  type, 
the  testing  was  discontinued  at  a  particular  inlet  angle  and  setting  angle 
when  it  was  determined  that  good  performance  could  not  be  obtained  with 
the  airfoils  being  tested  at  an  ini'  t  Mach  number  of  0.50. 

DESCRIPTION  OF  TEST  BLADES 

Articulated  Airfoils 

The  articulated  airfoils  used  in  this  test  series  were  derived  sub¬ 
stantially  from  Reference  2.  The  maximum  thickness  used  herein  was 
10  percent  chord,  and  the  camber  of  the  basic  section  was  30  .  A  close 
fit  between  the  20  percent  chord  fixed  section  and  the  89  percent  chord 
flap  was  specified,  since  the  presence  of  a  gap  or  slot  had  not  proven 
beneficial  in  the  reported  inlet  guide  vane  tests  (Figure  13  and  drawing 
4012154-997,  Appendix  II,  page  60).  Photographs  showing  the  articulated 
airfoils  in  two  positions  are  given  in  Figures  14  and  15. 
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The  articulated  airfoils  concentrate  the  camber  at  the  hinge  point  for 
the  high  camber  cases  and  produce  passage  area  distributions  that  en¬ 
large  suddenly  and  then  contract  when  used  at  positive  inlet  flow  angles 
other  than  zero.  These  characteristics  are  not  favorable  to  wide  operat¬ 
ing  range,  but  their  excellent  performance  as  inlet  guide  vanes  suggested 
that  they  might  be  satisfactory  for  impulse  turning  vanes.  The  excellent 
performance  of  the  articulated  inlet  guide  vane  was  probably  attributable 
to  the  ability  to  design  the  passage  without  the  sudden  area  enlargement 
because  of  the  0  inlet  air  angle.  As  inlet  guide  vanes,  the  articulated 
airfoils  operated  under  conditions  of  increasing  static  pressure  drop  as 
the  flap  angle  was  increased  from  zero. 

Flapped  Airfoils 

The  flapped  airfoils  designed  and  tested  in  this  program  are  required  Co 
operate  efficiently  over  a  wider  range  of  turning  angles  than  the  flapped 
airfoil  cascade  reported  in  Reference  1.  The  movable  portion  (flap)  of 
these  airfoils  was  about  60  percent  in  length  of  the  total  airfoil  chord. 
The  flap  could  be  rotated  about  a  fixed  pivot  external  to  the  airfoil 
through  an  angle  of  about  30  while  maintaining  a  configuration  meeting 
accepted  requirements  for  slotted  airfoil  design.  Some  increase  in 
effective  chord  length,  and  therefore  cascade  solidity,  resulted  during 
this  rotation.  The  rotation  permissible  with  these  flaps  was  not  con¬ 
sidered  nearly  sufficient  for  the  present  purposes. 

Several  attempts  were  made  to  derive  flapped  airfoils  capable  of  con¬ 
forming  to  established  design  practices  while  deflected  70°  to  75°  (to 
achieve  67-1/2  of  flow  turning).  Flaps  of  lengths  approaching  the  total 
airfoil  chord  length  would  be  required  to  obtain  the  desired  flow  de¬ 
flection.  A  sharp  curvature  resulted  at  the  airfoil-flap  juncture.  The 
passage  area  distribution  between  adjacent  blades  in  cascade  showed  rapid 
and  large  increases  and  then  decreases  in  area.  The  slot  width  of  the 
large  deflection  positions  becomes  unacceptably  large.  Good  performance 
could  not  be  expected  under  these  conditions. 

A  new  approach  to  the  solution  was  then  taken.  Flapped  airfoils  con¬ 
sisting  of  a  fixed  lenticular  section  and  a  ful 1 -chord-length  movable 
flap  were  examined.  As  the  length  of  the  lenticular  section  was  in¬ 
creased,  the  effective  chord  length  of  each  airfoil  increased  and  the 
radius  of  rotation  increased,  but  the  required  section  thickness  in¬ 
creased  to  obtain  required  flap  deflection.  As  the  lenticular  section 
length  was  decreased,  the  reverse  was  true.  A  section  best  meeting  the 
various  requirements  including  a  satisfactory  passage  area  distribution 
was  selected  (drawing  4012160-033,  Appendix  II,  page  61  and  Figures  16 
and  17).  The  airfoil  in  the  nested  0  flap  extension  position  was 
10  percent  thick  and  of  30  camber. 
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Flexible  Airfoils 


Derivation 


The  airfoil  shape  selected  for  the  flexible  airfoils  was  the  NACA  65 
series  section  of  Ig  percent  thickness.  The  basic  design  was  con¬ 
structed  using  a  30  circular  arc  meanllne.  Studies  of  the  flexible 
airfoils  in  various  cambered  and  staggered  arrangements  were  conducted. 
It  was  found  that  precambering  of  the  shim  stock  forming  the  convex 
surface  influenced  the  shape  of  the  airfoil  as  the  camber  was  varied. 
The  passage  area  distribution  was  examined  at  cambers  of  40  ,  50  ,  60  , 
and  70  .  An  airfoil  yielding  satisfactory  passage  area  distribution 
was  achieved  when  ^he  shim  stock  for  the  5-lnch-chord  airfoils  was 
precambered  38-1/2  with  a  radius  of  5.50  inches  (Figure  I8a  and 
drawing  4012154-988,  Appendix  ll,  page  39.  The  flexible  airfoils  are 
shown  in  the  different  cambered  positions  in  Figures  I8b,  I8c,  and  I8d. 

Construction 


Flexible  airfoils  for  testing  in  the  TCT  were  coriscructed  using  thin 
(0.15  inch)  brass  shim  stock  for  the  convex  airfoil  surface.  A 
machined  airfoil  leading  edge  and  a  triangular  trailing  edge  were 
used.  A  brass  bar  located  at  approximately  mid-chord  location  pro¬ 
vided  a  third  support  point  for  the  airfoils.  The  remainder  of  each 
airfoil,  including  the  concave  surface,  consisted  of  closely  packed 
sheet-metal  strips  comnercial ly  available  from  a  manufacturer  of  honey¬ 
comb  materials.  In  order  to  provide  flexibility  of  the  airfoil,  it 
was  necessary  to  attach  the  metal  foil  in  a  slightly  expanded  con¬ 
dition  for  the  uncambered  airfoil.  A  series  of  tests  of  a  flat  surface 
of  the  metal  foil  at  various  amounts  of  extension  was  conducted  to 
determine  the  aerodynamic  loss  (Figure  19).  In  these  tests  it  was 
found  that  the  total  pressure  loss  increased  linearly  as  the  honeycomb 
was  extended  from  zero  to  200  percent.  At  the  200  percent  extension, 
the  total  pressure  loss  was  about  twice  that  of  the  smooth  surface 
alone.  Therefore,  it  was  concluded  that  the  small  extension  required 
to  produce  the  flexible  airfoil,  about  15  percent,  would  not  have  a 
significant  effect  on  the  drag  coefficient  of  the  airfoils. 

There  are  a  number  of  methods  for  controlling  the  contour  and  setting 
angle  of  a  flexible  airfoil.  If  the  leading  and  trailing  edges  only 
are  used,  it  is  necessary  to  apply  a  couple  at  the  leading  and  trail¬ 
ing  edges  and  to  displace  one  edge  in  the  axial  and  tangential 
directions  with  respect  to  the  other  edge.  It  is  believed  that  this 
actuation  system  will  be  more  complicated  to  use  than  the  method 
selected;  the  use  of  three  pin  Joints.  Obviously,  two  of  the  pins 
must  be  moved  with  respect  to  one  fixed  pin  in  the  tangential 
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direction;  furthermore,  provision  for  a  small  axial  movement  of  the 
pins  must  also  be  made. 

it  was  found  during  the  course  of  the  tests  that  the  pin  joints  were 
not  perfectly  free  and  that  modifications  to  the  camber  shape  could 
be  made.  As  will  be  pointed  out  subsequently,  the  test  results  in¬ 
dicated  that  the  original  circular  arc  meanline  selected  was  not 
necessarily  optimum. 

TEST  RESULTS 

Articulated  Airfoils 


The  articulated  airfoils  were  tested  In  the  zero  flapped  deflection  case 
wi^h  a  getting  o^  29  .  This  cascade  was  tested  at  inlet  air  angles  of 
JO  ,  34  ,  and  38  over  the  inlet  Mach  number  range  from  0.35  to  about 
0.70  (Figure  20).  At  the  nominal  Inlet  air  angle  of  34  ,  the  loss  co¬ 
efficient  remained  low  (0.030)  to  Mach  numbers  of  about  0.60.  The  turn¬ 
ing,  angle  produced  at  a  Mach  number  of  0.50  was  H.l  . 

The  flap  angle  of  the  articulated  airfoils  was  set  with  an  angle  of  0°, 
and  the  cascade  was  tested  at  inlet  angles  of  30  ,  34  ,  and  38  .  At  an 
inlet  Mach  number  of  0.50,  the  turning  produced  at  the  nomiral  inlet  air 
angle  was  39.3  (Figure  21).  The  loss  coefficient  at  this  condition  was 
0.051  . 

An  attempt  was  made  to  produce  a  turning  angle  of  about  70*^  with  the 
articulated  blades.  At  the  nominal  inlet  air  angle  and  an  inlet  Mach 
number  of  0.50,  the  loss  coefficient  was  about  0.35.  Attempts  to  imjjrove 
periormance  by  changing  the  inlet  air  angle  weri'  made  but  wtri.  unsu.cess- 
ful.  Therefore,  it  was  concluded  that  the  articulated  airfoils  were  un¬ 
satisfactory  for  the  present  purposes. 

Flapped  Airfoils 

The  flapped  airfoils  were  ^Irst  tested  in  the  0^-flap-angle  condition 
with  a  setting  angle  o^  29  ^  This  cascade  performance  war.  measured  at 
inlet  air  gngli'S  of  32  ,  34  ,  and  38  since*  goor  performance  was  observed 

at  S,  ^0  .  At  the  nominal  condition  of  34  ,  the  loss  coefficient  had 
the*  low  value  of  0.030  at  Mach  number  of  0.38  and  0.51  (Figure  22).  At 
higher  Mach  numbers  the  loss  coe f f I c i ent^i nc reased  rapidly.  The  turning 
ang.le  at  the  nominal  conditions  was  10.3  at  a  Mach  number  of  0.50. 

Attempts  were  made  to  obtain  satl sfactory^per formance  with  the  flapped 
blades  set  for  turning  angles  of  about  55  .  Several  setting  angles  wer^ 
tried,  and  the  Inlet  angle  was  varied  over  the  range  from  30  to  38  . 


However,  It  did  not  appear  possible  to  obtain  a  loss  coefficient  Less 
than  0.160  at  an  inlet  Mach  number  of  0.50.  Therefore,  it  was  concluded 
that  the  flapped  airfoils  were  not  satisfactory  for  operation  in  tandem 
cascades  with  high  turning  as  required  in  the  present  program. 

Flexible  Airfoils 


The  flexible  airfoils  were  tested  with  a  setting  angle  of  29°  and  inlet 

O  O  O  Kj  t.j 

angles  of  30  ,  34  ,  and  38  .  At  the  nominal  inlet  air  angle,  the  drag 
coefficient  was  0.030  at  an  inlet  Mach  number  of  0.60  (Figure  23).  The 
turning  angle  at  this  condition  was  about  14.5  .  At  the  reduced  in¬ 
cidence  angle  obtained  at  an  inlet  angle  of  30  ,  a  lower  turning  angle 
(about  11  )  was  achieved  with  low  drag  values  up  to  a  Mach  number  of 
0,57.  At  38  inlet  angle,  the  airfoils  appeared  to  operate  very  well, 
with  total  pressure  loss  coefficients  less  than  0,030  up  to  an  inlet 
Mach  number  of  0.63,  turning  angles  of  about  17  and  a  positive  static 
pressure  rise  coefficient  of  from  0.20  to  0.15. 

The  camber  of  the  flexible  airfoils  was  then  increased  to  a  value  of 
about  36  and  set  in  the  cascade  at  an  angle  of  17.25  from  the  axial 
direction  (see  Figure  24)  to  obtain  maximum  static  pressure  rise.  At 
the  nominal  inlet  angle,  the  turning  produced  was  30.3  with  a  loss  co¬ 
efficient  of  0.034  at  Mj^  =  0.62,  and  a  pressure  coef ficient^of  +0.15. 

The  performance  was  also  satisfactory  at  inlet  angles  of  30  and  38  , 
with  the  highest  angle  showing  slightly  better  performance  at  inlit  Mach 
numbers  above  0.62. 

o 

The  flexible  airfoils  were  then  reset  with  a  camber  of  about  60  and 
with  the  loyer -sur f ace  tangent  parallel  to  the  axial  direction^ (set t ing 
angle  X  =  0  ).  At  the  nominal  inlet  angle,  the  turning  was  55  for 
M.  -  0.50,  with  a  loss  coefficient  of  BJ  =  0.060  obtained  at  M^^  -^0.62 
(Figure  25).  Satisfactory  Results  were  also  obtained  at  =  30  .  The 
losses  increased  at  =  38  rapidly  above^an  inlet  Mach  number  of  0.40 
due  to  the  combination  of  high  turning  (56  )  and  a  significant  static 
pressure  rise,  Cp. 

CONCLUSIONS 

Thg  conditions  at  which  the  flexible  airfoils  were  set  in  cascade,  with 
65  camber  and  0  setting  an^le,  producj^d  an  incidence  angle  of  about 
-3  at  the  inlet  angle  of  34  .  With  55  of  turning  observed,  tlie 
difference  in  angle  between  the  trailing  edge  direction  and  exit  flow 
direction  (the  deviation  angle)  is  about  7  .  This  amount  of  deviation 
is  somewhat  larger  than  would  be  expected  for  optimum  airfoils  of  this 
camber  operating  with  these  inlet  conditions  at  the  solidity  o  1.50 
used.  This  result  suggests  that  modifying  the  meanline  to  move  the 
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point  of  maximum  camber  forward  and  thus  to  produce  a  more  nearly 
straight  trailing  edge  would  be  beneficial  to  performance. 

A  comparison  of  the  loss  coefficients  as  a  function  of  turning  angle  as 
obtained  with  all  three  types  of  ^ariable-camber  airfoils  is  presented 
for  the  nominal  inlet  angle  of  34  and  an  inlet  Mach  numbe”  of  0.30  on 
Figure  26.  the  flexible  airfoils  are  capable  of  turning  the  flow 

more  than  40  with  low  loss  under  these  inlet  conditions.  For  this 
reason,  the  flexible  airfoils  were  selected  for  further  investigation 
in  tandem  cascades  under  Phases  II  and  111  of  this  program. 


‘17 


TECHNICAL  DISCUSSION  -  PHASE  II 


SINGLE  CASCADE  RESULTS 


Following  the  selection  of  flexible  airfoils  for  further  investigation, 
and  before  the  fabrication  of  the  second  set  of  blades  required  for 
tandem  cascade  testing  was  completed,  a  more  detailed  series  of  single¬ 
blade-row  cascade  tests  was  conducted  to  nrovide  further  information  for 
selecting  flexible  airfoil  cascade  configurations.  In  this  series,  care 
was  takgn  to  set^the  camber  of^the  airfoil  to  partic  ilar  values  of  30  , 
43  ,  60  ,  and  73  (actually  78  was  set)  so  that  the  relationship  be¬ 
tween  camber  agd  turning  angle  could  be  defined  more  exactly.  Iniet 
angles  =  30  ,  34  ,  and  38  were  again  used  to  conform  with  previous 
runs  and  to  provide  similar  information. 

The  results  obtained  (Figures  27  through  30)  were  quite  consistent  with 
the  earlier  flexible  airfoil  results.  Rather  than  recite  individual 
test  point  values,  a  general  sumnary  of  the  results  will  be  presented: 
The  loss  levels  are  much  more  affected  by  the  increase  in  area  that 
occurs  through  the  blade  row  (and  the  static  pressure  rise  that  is 
attempted)  rather  than  the  turning  angle  (0)  that  is  produced.  Thus 
the  condition  of  turning  to  axial  direction  (0  =  pj^)  yields  larger  loss 
coefficients  than  6  =  20^^. 

The  effect  of  increasing  Mach  number  is  to  accentuate  the  effects  of 
diffusion.  These  relatively  thick,  high-cambered  sections  have  a 
critical  (drag-rise)  Mach  number  of  about  0.63  when  operating  with  the 
nominal  inlet  angle  and  the  solidity  (1.30)  of  these  tests.  The  gon- 
dltlon  for  which  the  turning  angle  increases  with  Mach  number  (78  cam¬ 
ber)  has  a  large  static  pressure  drop,  and  the  increased  turning  appears 
to  occur  more  as  a  function  of  the  increasing  pressure  decrease  than  of 
the  increasing  Mach  number. 

The  turning  angle  and  loss  coe'ficient  as  a  function  of  camber  at  the 
nominal  inlet  conditions  are  sumnarlzed  on  Figure  31.  The  turning  in¬ 
creases  linearly  with  increasing  camber  and  with  an  increasing  deviation 

* 

The  trailing  edge  direction  0^ 

»;  =  6,  -  1  ■  »*. 

Since  i  has  been  set  at  -3°  for  the  nominal  inlet  angle, 

h 

^2  Is  known. 
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and  the  deviation  6  is 


6 


There  fore , ^the  ^evia^ions  observed  are  2.7,  2.0,  7.3,  and  10.0  for  cam 
hers  of  30  ,  43  ,  60  ,  and  78  .  These  values  for  the  higher  cambers 
seem  larger  than  necessary  for  these  test  conditions  and  could  be  re¬ 
duced  by  using  airfoils  having  less  curvature  in  the  trailing  edge 
region . 

TANDEM  CASCADES 


The  thrust  vectoring  cascades  being  investigated  in  the  present  program 
are  intended  for  use  in  high-aspect -ratio  arrangements  like  the  exit 
louvers  on  the  XV-5A  aircraft.  With  aspect  ratios  of  four  or  higher, 
the  end  effects,  that  is,  the  non-tv««3-dimensional  flows  near  the  juncture 
of  the  vanes  and  the  cascade  boundaries,  would  not  be  expected  to  in¬ 
fluence  the  main  flow  or  to  seriously  affect  the  overall  thrust  vectoring 
performance.  For  the  single-row  cascade  tests  (aspect  ratio  one),  the 
secondary  flows  dominated  the  flow  in  a  region  1/4  to  1/3  of  the  blade 
span  near  the  walls.  The  loss  measurements  were  made  in  the  central 
region  of  the  cascade  since  the  two-dimensional  performance  was  of  pri¬ 
mary  Interest.  Occasional  spanwise  surveys  were  made  to  determine  that 
a  significant  percentage  of  the  flow  was  uniform. 

For  the  early  tandem  cascade  tests  (see  Figure  32),  no  attempt  was  made 
to  reduce  the  secondary  flows  occurring  in  the  test  section.  Tuft 
surveys  were  made  with  the  system  operating  at  atmospheric  discharge 
pressure  and  with  the  air  flow  at  low  speed.  These  studies  indicated 
that  generally  satisfactory  flow  conditions  existed.  It  was  assumed, 
therefore,  that  the  losses  due  to  the  secondary  flows  in  the  upstream 
cascade  were  not  large  and  that  essentially  complete  mixing  of  the  pri¬ 
mary  flow  and  the  secondary  flow  had  occurred  by  the  time  the  second 
cascade  was  encountered.  When  the  TCT  facility  was  closed  and  the 
Mach  number  increased  to  0.40  and  higher,  it  was  found  that  unacceptably 
high  losses  were  occurring.  It  was,  there,  decided  to  reduce  the 
secondary  flow  and  to  Increase  the  effective  aspect  ratio  of  the  first 
cascade  by  employing  the  porous-wall  technique  reported  in  Reference  4. 

In  the  interval  during  the  construction  of  the  porous  walls,  tandem 
cascade  testing  continued,  and  the  results  obtained  are  presented  in 
Figures  33  through  36.  The  desired  turning  angles  were  obtained. 

VERTICAL  THRUST 


Because  of  conflicts  of  other  programs  using  the  TCT,  it  was  not  possible 
to  conduct  porous-wall  tandem  cascade  tests  for  all  of  the  turning  angle 
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conditions  required.  It  was  decided  to  concentrate  upon  the  two  most 
critical^condltlons  of  vertical  thrust  (0  =  90  )  and  thrust  reversal 
(0  =  135  ).  The  early  tandem  cascade  tests  had  Indicated  better  per- 
formai  ce  with  the  forward  cascade  having  g^ightly  greater  camber  and 
turning  than  the  aft  cascade.  the  90  turning  case,  the  camber  of 

thg  forward  cascade  was  set  at  60  and  aft  cascade  camber  was  set  at 
52  .  The  powerful  effect  of  boundary  layer  removal  through  the  porous 
wall  is  illustrated  in  Figure  37.  For  minimum  bleed  flow,  high  loss 
coefficients  were  again  observed  with  inlet  Mach  numbers  of  0.40  and 
above.  With  the  nominal  bleed  flow,  which  was  selected  to  yield  equal 
upstream  and  downstream  pressures  at  low  Mach  numbers,  the  loss  co¬ 
efficients  were  reduced  significantly.  For  example,  the  early  tandem 
cascade  tests  indicated  a^loss  coefficient  of  0.24  at  an  inlet  Mach 
number  of  0.50  for  the  90  turning  condition.  With  nominal  bleed,  the 
loss  coefficient  was  reduced  to  0.15  at  the  same  inlet  Mach  number  and 
turning  angle.  It  would  be  expected  that  the  tandem  cascade  losses 
would  be  two  to  three  times  the  magnitude  of  the  single  cascade  loss 
for  a  turning  angle  equal  to  half  of  the  tandem  cascade  turning.  Since 
the  single  cascade  loss  coefficient  was  0.055,  the  observed  tandem  cas¬ 
cade  result  is  quite  reasonable.  These  results  indicate  that  92  percent 
to  93  percent  of  the  horizontal  thrust  could  be  obtained  as  vertical 
lift  using  a  tandem  cascade  thrust  vectoring  system. 


The  fact  that  the  loss  coefficient  increases  rapidly  with  increasing 
Mach  number  suggests  that  improvements  to  the  tandem  cascade  can  be 
made  or  that,  if  it  is  possible  to  operate  the  thrust  vectoring  system 
at  a  lower  Ma:h  number  than  0.50,  Improved  thrust  vectoring  performance 
can  be  achieved  with  the  present  configuration. 


THRUST  REVERSAL 


A  number  of  difficulties  were  encountered  in  obtaining  satisfactory  flow 
conditions  for  the  thrust  reversal  case.  For  the  very  high  turning 
angles,  there  was  some  impingement  of  the  exit  flow  on  the  stationary 
structure  supporting  the  lower  floor  of  the  cascade  tunnel.  Attempts 
were  made  to  measure  the  static  pressure  at  the  exit  of  the  second  cas¬ 
cade  to  determine  whether  a  static  pressure  gradient  occurred  in  the 
direction  from  the  apex  of  the  tandem  cascade  along  the  trailing  edges 
of  each  blade  to  the  blade  farthest  from  the  apex.  The  static  pressure 
appeared  to  be  constant  at  a  value  equal  to  the  tank  static  pressure. 

A  significant  static  pressure  gradient  was  observed  in  the  zone  between 
the  forward  and  the  aft  cascades  along  the  line  bisecting  the  two  cas¬ 
cades. 


Several  attempts  were  made  to  relieve  the  observed  static  pressure 
gradient.  The  position  of  the  second  cascade  was  changed  relative  to 
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the  first  cascade.  A  fairing  block  was  installed  on  the  lower  floo.'  to 
prevent  flow  from  passing  through  the  blade  passage  closest  to  the  apex 
to  reduce  the  impingement.  A  slight  reduction  in  the  total  turning  by 
decreasing  the  second-row  camber  was  followed  by  an  adjustment  in  the 
incidence  angle  of  the  second  cascade.  In  each  case  the  static  pressure 
gradient  remained.  Tuft  surveys  at  low  speeds  indicated  a  geiu  rally 
satisfactory  flow;  however,  as  Mach  number  was  increased,  the  total 
pressure  rake  showed  a  rapid  deterioration  of  the  flow.  These  results 
indicated  that  a  rather  drastic  change  would  be  required  to  improve  tlu' 
performance. 

The  inlet  angle  to  the  second  cascade  was  reduced  from  34*^  to  24^, 
boundary  layer  bleed  was  applied  through  a  slot  in  front  of  the  second 
cascade  row,  and  the  blade  shape  was  altered  to  conform  mon  closely  to 
that  of  a  typical  impulse  turbine  blade  by  moving  the  camber  forward  to 
provide  a  straight  t rai 1 ing -edge  region.  Tuft  surveys  at  low  speed 
showed  a  generally  satisfactory  configuration.  A  static  pressure 
gradient  was  still  in  evidence  between  the  two  cascades,  but  the  magni¬ 
tude  of  this  gradient  was  greatly  reduced  from  that  observed  on  the 
earlier  runs.  Measurement  of  the  exit  flow  direction  yielded  a  total 
turning  of  129  .  It  is  significant  to  note  that  the  deviation  anyle  of 
the  secOiid  cascade  with  the^modified  meanline  shape  was  approximately 
3  ,  as  compared  to  about  10  for  similar  camber  levels  with  the  eeriginal 
blade  meanline. 

The  effect  of  applying  boundary  l.jyer  control  was  to  s  i  g,n  i  1  i  c  an  t  I  y  re¬ 
duce  secondary  flow  occurring  in  the  first  cascade.  Applying  bleed  did 
not  seem  to  make  a  significant  difference  in  the  per  i  eermane  e  of  t  he- 
second  blade  row  at  low  speed.  At  Mach  numbers  above  0.40,  however,  a 
very  significant  reduction  in  the  total  loss  occurred  (Figure  38).  Tile 
loss  coefficient  measured  in  the  early  tandem  cascade  rumiing  without 
boundary  layer  control  was  0.343.  With  nominal  boundary  layer  coiureel, 
the  loss  coefficient  was  reduced  to  the'  acceptable  value  e)t  0.1-*8.  With 
the  tandem  cascade  ar ran)',emen t  ,  it  was  neit  convenient  te)  make'  spanwise 
loss  measurements  at  hig,!i  speed.  A  few  peeints  were  taken  at  1  e)w  sjieed, 
however,  with  t  lie  indicat  iein  that  the  leisses  awa'.  iron;  the  tumu  I  ce'iiter 
line  were  not  greatly  dlflerent  from  those'  ohse  r /e  d  ein  the  tuniu'l  ce'iiter 
line.  A  summary  plot  coniparin>;  sing,le  and  tandem  caseade  losie  s  without 
tunnel-wall  beiundary  laye'r  control  with  tandem  cascade  s  bavin.,  nominal 
bleed  is  presented  in  Fig,ure  39. 

CONCLUSIONS 


The  tandem  cascade  tests  employing  boundary  laver  control  are  believed 
to  represent  the  conditions  tliat  occur  with  a  h  i  gh -aspc  c  t  -  r  a  t  i  o  thrust 
vectoring  system.  The  results  obtained  using  the  TCT  prove  that  satls- 
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factory  tandem  cascade  operation  can  be  obtained  at  Inlet  Mach  numbers 
up  to  0.30.  Improvements  In'  vertical  thrust  performance  can  probably 
be  achieved  by  modifications  to  the  meanline  shape  of  the  airfoils  used. 
Reversed  thrust  equal  to  about  60  percent  of  the  forward  thrust  can  be 
achieved  with  a  thrust  vectoring  tandem  cascade.  The  achievement  of 
these  satisfactory  results  at  high  speed  Is  Important  to  the  investi¬ 
gation  conducted  as  Phase  111  of  this  program  since  these  tests  are  run 
at  low  speed. 
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TECHNICAL  DISCUSSION  -  PHASE  III 


S;»E?AL 


of  Phase  III  of  this  program  are  to  determine:  (1)  the 
^-•■-,>*T.ance  of  s  practical -construction  thrust -vector ing  tandem  cascade 
:.n  conjunction  with  a  typical  cruise  fan  installation; 

..  >‘»rfor-iarce  Improvement  by  confining  the  jet  flow  with  ducts  from 
ar,  acelle  exit  nozzle  to  the  first  cascade  and  to  the  second  cas- 
>y  providing  flow  boundaries  at  the  blade  ends,  and  by  the  com¬ 
et:  .ift  of  ducts  and  end  walls;  (3)  the  effects  of  simulated  flight 
on  tnrust  vectoring  performance;  (4)  ground  effects  at 
sri-iis  iistances  of  from  one  to  three  fan  diameters  from  the  fan  axis. 

.E--2:?TIJN  3F  TEST  EQUIPMENT 


.  ^  ^  rv 


..u_e-Tcae-  .esting  of  the  tandem  cascade  principle  was  accomplished 
jir.g  i  :b-lnch-tlp-diameter ,  low-speed  scale-model  fan  installed  in  a 
i:<ti^3ting  into  the  tandem  cascade  assembly.  Tests  using  a 
of  flexible  blades  were  made,  as  well  as  tests  of  two 
-LiciiUfcS  in  a  tandem  arrangement.  Ground  effects  were  evaluated  by 
-  ic-ng  a  large  plane  surface  parallel  to  the  fan  axis  of  rotation  and 
distances  from  the  cascade  assembly.  A  large  rectangular 
^  :■=  e:  .as  used  to  simulate  the  external  flow  resulting  from  low-speed 
..,nc  i^nditions.  The  fan  is  driven  by  a  25-horsepower  induction  motor 
i'Jugn  1  belt  drive.  The  entire  fan  assembly  and  drive  are  mounted  on 
.  iU-i -suspended  frame.  Three  Wianco  load  cells  constrain  the  movable 
u-fe  form  the  force  measurement  system.  One  of  the  cells  (#1)  is 
•  le  :ar  centerline  and  thus  reads  thrust  (drag).  The  other  cells 
•••.  inu  #3)  together  read  the  side  force  (lift).  The  motor  is  supported 
n  jeACings,  and  a  lever  arm  connected  to  it  rests  on  a  scale.  This 
.1 iiigiTtent  reads  input  torque. 

i'cneral  arrangement  of  the  facility  is  shown  schematically  in 
'\,4re  uO.  Photographs  of  the  facility  arrangement  are  shown  in 
ul,  42,  43,  and  44. 

Vrue*.  Fx"! 


•*>v,  m.*sxel  fan  is  a  geometric  scale  of  the  y-353-5  lift  fan.  It  is  a 
rg’.e-stage  fan  consisting  of  a  rotor  and  a  stator.  The  flow  path  in 
iv  .-.clnity  of  the  rotor  and  stator  is  cylindrical  at  both  hub  and 
A  low-speed  inlet  cowl  and  bulletnose  constitute  the  front 
*  of  the  nacelle.  The  aft  part  of  the  nacelle  tapers  to  a  24-inch- 
exit. 
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The  fan  absorbs  approximately  14.5  horsepower  at  1782  rpm  and  delivers 
102.5  pounds  of  thrust  at  standard  conditions.  The  velocity  at  the 
rotor  inlet  face  is  115  feet/second.  The  radial  variation  of  rotor  in¬ 
let  velocity,  normalized  with  fan  tip  speed  to  give  the  flow  coefficient 
(♦).  is  shown  in  Figure  45.  A  design  feature  of  the  original  X353-5  fan 
was  the  use  of  a  higher  loading  in  the  tip  region  than  at  the  hub.  This 
feature  is  incorporated  in  the  scale-model  fan.  The  radial  variation  in 
rotor  pressure  rise,  normalized  with  a  dynamic  head  based  on  tip  speed 
squared  (p  U  ,-*)  to  give  the  pressure  rise  coefficient  f,.  ,,  is  shown 
in  Figure  451'^ 

Simulated  Conditions 

For  ground  effect  tests,  a  4-foot  by  8-foot  sheet  of  plywood,  mounted  to 
a  frame,  was  located  parallel  to  the  fan  axis  at  various  distances  from 
the  deflecting  cascades. 

For  simulated  flight  tests,  the  output  from  an  82,000  cfm,  4-foot-dlam- 
eter  blower  was  diffused  to  a  4-foot  by  9-foot  rectangular  duct.  Pres¬ 
sure  drop  screens  were  used  to  make  the  jet  reasonably  uniform.  The 
actual  velocity  level  of  the  free  jet,  38  feet/second,  is  33  percent  of 
the  low-speed  scale-model  fan  inflow  velocity.  The  inflow  velocity  of 
the  full-scale  X353-5  fan  is  410  feet/second.  Therefore,  the  free  Jet 
velocity  ratio  is  equivalent  to  135  feet/second  or  a  flight  speed  of 
80  knots. 

Construction  of  Tandem  Cascades 

The  airfoil  blades  used  in  the  tandem  cascades  were  fabricated  as  shown 
in  drawing  4012150-92  and  -93*.  The  0.008-inch-thick  brass  shim  stock 
forming  the  suction  surface  was  first  put  in  a  die  which  shaped  the 
leading  edge.  The  shim  stock  was  then  soldered  to  the  steel  leading- 
edge  bar  and  the  steel  trailing-edge  bar.  Next,  the  steel  center  bar 
was  fastened  to  the  brass  stock  with  screws.  Finally,  the  0.006-inch 
thick  nichrome  pressure  surface  was  spot-welded  to  the  steel  center  bar. 
The  camber  was  set  at  the  required  angle,  then  the  nichrome  was  taped  to 
the  leading  and  trailing  edges.  The  camber  was  held  by  applying  force 
on  the  studs  at  the  ends  of  the  blade  by  means  of  the  end  fixtures  de¬ 
picted  in  drawing  4012160-97**. 

The  camber  was  set  on  each  blade  by  first  setting  one  of  the  blades  at 
a  given  camber  and  making  a  template  of  the  airfoil  which  was  transferred 


*Appendix  IV,  pages  62,  63 

** Appendix  IV,  page  64 
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to  paper.  The  camber  line  was  then  constructed,  and  tangent  lines  were 
drawn  to  the  meanline  at  the  leading  and  trailing  edges.  The  camber 
angle  was  measured  and  corrected  to  the  required  value.  The  angle  on 
the  brass  or  suction  side  was  measured  with  a  protractor  and  held  so  its 
legs  were  tangent  to  the  first  1/4  inch  of  the  leading  and  trailing 
edges . 


This  brass  setting  angle  was  used  to  set  the  camber  on  the  ends  and 
middle  of  all  the  blades. 

Thi'  cascade  blades  were  mounted  in  at.  elliptical  framt  with  a  solidity 
of  1.5.  The  solidity  is  defined  as  a  ratio  of  blade  cliord  to  blade- 
pit  c  h . 

inspection  ot  the  test  blading  as  tabrualid  and  when  e  oust  t  .it  in  d  to 
product  the  required  camber  revealed  a  number  o|  d  i  se  i  <  |i.iiie  1 1  s  .  A  si.ill 
variation  in  camber  trom  end  to  end,  while  not  serious  in  1 1  s«  I  i  ,  pro¬ 
duced  local  regions  where  the  sheet  rtetal  bucleled.  tes  lttn,  iti  loe.iir, 
poor  prut  lie  shapes.  The  soldering  of  the  brass  .net  ion  surtaee  ti>  the 
leading,-  and  t  r  ai  1 1  ng -edge  bars  resulted  in  »',ent  rally  poor  leading-edge 
quality.  The-se  eiteets  resulted  in  an  uneven  blade  q.i.ilit,  ran.ing, 
from  good  to  poor. 

Although  the  test  sequence  was  selected  to  minimize'  t  lu  latiibering  and 
one  aribe  r  i  ng  of  the  blading,  seime  distortion  due  to  pirm.nuiit  set  was 
g.radually  built  into  the  blading,  .is  te'sting,  eveei.'ed. 

As  an  i  nterest  i  11)’,  comparison,  a  t  i  xe  d -i  amhe  r  e.isc.ide'  ol  40  i.imhe-r  w.is 
also  t  e  st  ed  (see  Fi  );ui  e  4t)).  It  has  tnolde.  d  pl.istle  hl.idi  s  .ind  a 
soliility  of  2.14.  Tile'  trame  ol  the'  i.istade  w.is  .ilso  rnilded  aid  shaped 
so  that  the  air  passing  thre)U)',h  tin  tasi.ides  at  tin  tel.ide  ends  went 
thieiugli  the  same  turning  );eometry  .is  tli.it  .it  the  eiiitir. 

CHRONOLOGY  OF  RUNS 


In  y.iiural,  the  ti'Sl  was  condoetid  in  two  phases. 


The’  first  14  runs 


were  without  ground  plane  or  simulated  flight  speed.  Then  the  procure¬ 
ment,  assembly,  and  testing  of  the  diffuser  and  plenum  for  the  82,000-cfin 
blower  was  completed.  Because  of  the  space  occupied  by  this  additional 
equipment,  the  test  vehicle  had  to  be  relocated.  The  second  series  of 
tests.  Buns  16  through  27,  included  ground  effect  and  simulated  flight 
testing.  A  tabulation  of  all  the  runs  is  given  in  Appendix  I.  A  com¬ 
plete  listing  of  all  the  runs  with  data  readings  taken  at  each  test 
point  is  given  in  Appendix  II. 

MEASUBEMEirrS  AMD  DATA  REDUCTIOW 

The  measurements  taken  on  all  data  points  consisted  of  the  following: 

a)  Forces  in  the  axial  direction  and  in  the  lateral  direction  F„. 

■t  V 

b)  Torque  through  a  lever  arm  (connected  to  the  fan  drive  motor)  which 
rests  on  a  Toledo  scale. 

c)  Fan  inlet  temperature  and  barometric  pressure. 

d)  Fan  inlet  static  pressure  at  rotor  inlet  2  consisting  of  two 

rakes  of  six  elesients  each. 

e)  Fan  inlet  total  pressure  at  rotor  inlet  2  consisting  of  two 

rakes  of  six  elements  each. 

f)  Fan  rotor  discharge  total  pressure  ^  consisting  of  two  rakes 

of  six  elements  each. 

g)  Jet  nozzle  peripheral  static  pressure  consisting  of  eight  wall 
static  pressures  around  circumference  of  Jet  exit. 

h)  Air  exit  angle  (^2)  discharge  of  final  cascade. 

i)  Static  pressure  ahead  of  cascade  in  central  region  of  the  cascade. 

j)  Total  pressure  profile  of  wake  from  blade  elements  using  a  13-element 
wake  rake  (occasionally). 

These  data  were  reduced  to  standard  and  nondimensional  form  as  described 
below.  An  example  of  the  data  reduction  process  is  described  in 
Appendix  III,  page  5A. 

The  three  load  cells  were  calibrated  by  taking  scale  readings  resulting 
from  application  of  standard  weights  at  each  of  the  three  load  cells. 

The  force  was  applied  at  an  elevation  corresponding  to  the  fan  center 
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through  a  pulley  and  cable  arrangement.  These  corrections  were  applied 
to  the  scale  readings  of  each  test  point. 


For  any  test  configuration,  the  fan  develops  a  force  which  is  pro¬ 
portional  to  the  density  of  the  ambient  air.  Therefore,  all  forces  are 
corrected  to  standard  density  condition  by  the  factor  0/6  as: 


F 


corrected 


-  F 

test 


Density,  std. 
Den..  I  ty  ,  test 


corrected 


P  T 

F  X  std.  test 
test  p  ^ 

test  std. 


¥  ,  =  r  X  7 

corrected  test  6 

where 

9  is  the  ratio  of  test  temperature  to 
standard  temperature  of  518.6  R. 

6  is  the  ratio  of  test  barometric 
pressure  to  standard  barometric 
pressure  of  ?9.92  inches  of 
Mercury  at  518. 6°R. 


The  fan  runs  at  a  constant  speed  of  1782  r  pni  and  for  .i  given  confi  - 
uration  absorbs  a  power  which  is  proportional  to  anbiiiu  density.  Con¬ 
sequently,  the  power  absorbed  expressed  as  a  corrected  horsepower  is. 


wlu  re 


HP  e/6 


Fen2nL 
6  530 


F  is  the  liver  arm  force  (pounds) 

L  is  the  lever  arm  lenp.th  (feet) 

n  is  the  rotational  speed 
(revolutions/second) . 
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The  fan  inlet  static  pressure  was  used  to  calculate  an  inlet  axial 
velocity  2  rotor  inlet.  The  velocity  is  normalized  by  the 

fan  tip  speed  U.^  to  obtain  the  flow  coefficient  $: 


♦  - 


V, 


10.2 


Fan  inlet  total  pressure  is  used  to  obtain  the  velocity  V  of  the  ex¬ 
ternal  flow.  ^ 

The  average  rotor  discharge  total  pressure  is  used  to  express  the  rotor 
total  pressure  rise  above  ambienr  relative  total  pressure.  The  total 
pre.ssure  rise  is  reduced  to  coefficient  form  by  dividing  the  pressure 
rise  by  a  dynamic  head  based  on  fan  tip  speed  squared  (p  0  /  to 
obtain  the  pressure  rise  coefficient: 

_  ^TIO.6  I^T  amb. 

10.6  =  ~T^ 

No  total  pressure  elements  were  located  behind  the  stator;  consequently, 
the  stage  total  pressure  rise  is  not  available. 

The  jet  exit  nozzle  static  pressures  were  equal  to  ambient  static- 
pressure  for  all  test  configurations. 

An  efficiency  can  be  obtained,  crediting  the  fan  with  the  total 

pressure  rise  to  rotor  discharge  as  follows: 


since 


and 


and 


then 


r  ^  — 0^ _ 

"R  Power  in’ 


=  (HP  e/6)  6/e  ^50, 

in 
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where 


staiidard  diiisity 


A  ftfi'itivr  tlow  ana  at  rotor  iiil.t. 


All  the  aiu’.lfs  ot  intfrest  ari‘  dopi  1 1  oil  in  Fi^uri  4/.  For  i  ai  li  tist 
l)oint,  tho  ^oomot  r  Ic  al  audios  of  tasiado  or  i  on  t  at  I  on  (>),  t'l.id.  i  ainht  r 
(0*),  and  1  oadl n^; -od^o  an^lo  (0  *)  aro  riaordod  as  will  as  air  disihary 
an^li  (02^'  moasurou  rolativo  to  tho  f.ni  .iaIs  ai  i  tin  las- 

I  ado  oriontation  anp,lo  (-y)  and  tho  jot  oft  lux  <in^;li  (0j)  .  lilt  lat  1 1  r 


defined  as  follows: 

®JA 

^A 

'  ®2A 

for 

Cascadi'  A 

"  ®2B 

for 

Cascade  B 

An);los  rolativo  to  tho  cascade  are  oithor  hardwan  any^lis  or  air  an,;lis 
Given  tho  load-  ir-edge  angle  (0j^*)  and  tho  tainhoi  angle  (0*),  t  lu  ir.iil 
in(;-odgo  an,  ^  r  *)  is  found  from 


9*  - 


Tho  inlot  air  anglo  (Bj^)  I*’  found  from 


B 


lA 


Vi 


for  Casi.ido  A 


®1B  =  'b  ■  ®JA  “• 


Tho  iiuidonco  anglo  (i)  and  thi’  deviation  an.'.li  (t)  and  turning,  angli 
(6)  for  lithor  cascade  aro  found  from 


1  B,  -  B,* 

6  B2*  -  02 

0  B^  ^  02* 


2^ 


The  test  data  for  all  test  points  are  tabulated  In  Appendix  II,  page  45 
and  Include  the  following  for  almost  every  point: 


F  9/fi  =  Horizontal  Corrected  Force 
H 

0/6  =  Vertical  Corrected  Force 

R  9/6  =  Total  Corrected  Thrust  Force 

=  Force  Vector  Direction 

9  =  Jet  Efflux  Angle 

,  =  Rotor  Pre'-'^ure  Rise  Coefficient 

10.6 

I  =  Rotor  Inlet  Flow  Coefficient 

H?  0/6  =  Corrected  Input  Horsepower 

T]  =  Rotor  Efficiency 


y  =  Cascade  Orientation  Angle 


9*  =  Blade  Camber  (p^*  e 

P^*  =  Leading-Edge  Orientation  Angle 

P^  =  Discharge-Air  Angle 


PRE SENTATION  OF  RESULTS 


The  force  results  fro®  Runs  1  through  14  are  shown  in  Figures  48  through 

31. 
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In  a  typical  test  involving  a  single  cascade,  a  series  of  test  points 
would  be  taken  with  the  cascade  orientation  angle  (y)  as  the  only 
variable.  For  these  points,  the  camber  angle  (9*)  and  the  orientation 
of  the  blading  within  the  cascade  would  be  held  constant.  In  the  pre¬ 
sentation  of  results,  these  data  points  are  connected  by  a  curve.  In 
a  typical  test  involving  tandem  cascades,  the  first  cas<ade  is  fixed 
while  the  orientation  of  the  second  cascade  is  varied.  In  the  pre¬ 
sentation  of  data,  these  points  are  connected  by  a  curve. 

Runs  I  through  14  involve  blade  settings  ot  various  cambers  which  are 
roughly  symmetrical  so  that  the  leading-edge  angle  and  traillng- 

edge  angle  (B^*)  ^bout  equal.  At  some  particular  cascade  orienta¬ 

tion  angle,  operation  under  Impulse  conditions  (no  increase  or  decrease 
in  static  pressure  across  the  cascade)  occurs. 

The  results  for  single-cascade  operation  are  shown  in  Fip.ures  4b  and  49 
and  Include  results  for  the  various  blade  cambers  (9*)  of  0  ,  2S  ,  i'i)  , 
48  ,  36  ,  78  ,  and  80  each  at  a  number  of  cascade  orientatioi'  angles. 

The  force  results  for  tandem  operation  during  Runs  1  ihroug,h  14  are 
shown  in  Figures  50  and  51.  For  all  of  these  runs,  the  first  cascade 
(A)  is  unchanged  and  is  held  at  35  cascade  orientation  |)roducing  64 
of  turning  at  roughly^impulse  conditions. ^  The  cambers  ot  the  second 
cascade  (B)  include  0  ,  35  ,  48  ,  56  ,  78  ,  and  80  each  tested  at  a 
number  of  cascade  orientation  angles.  A  locus  of  the  optimum  values 
forming  the  envelope  of  maximum  resultant  force  is  shown  in  Figure  j.l. 

An  interesting  result  is  obtained  using  the  90°  fixed-camber  cascade 
shown  in  Figure  44  as  tlie  first  cascade  and  a  78  camber  cascade  as  the 
tandem  cascade.  The  single  test  point  is  d<jpicted  in  Figure  el  and 
shoves  approximate!  0  percent  reversed  thrust  at  a  veetoring  angle  of 
152^  . 

Local  values  of  blade  loss  coefficient  were  obtained  by  measuring  local 
profiles  of  total  pressure  immediately  behind  tl.e  blades  at  a  number  ot 
locations  around  the  cascade  package.  Twelve  values  in  the  periodic 
distance  from  one  blade  wake  to  the  next  were  measured.  From  these  a 
profile  and  average  of  loss  coefficient  were  calculated  as  follows; 

P  -  P 

-  T.  free  stream  T.  local 

IX  -  *  ‘  i,  —  —  ■  .  -  —  ■* 

p  -  p 

T,  free  stream  ambient 


These  loss  coefficient  profiles,  the  average  loss  c  oe' f  t  i  c  i  e  n  t  ,  and  a 
schematic  showing  the  location  at  which  the  meas  lenunt  was  made  are 
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shown  in  Figure  33.  The  loss  coefficients  shown  in  this  figure  are  for 
the  cascade  in  position  A  which  is  immediately  behind  the  fan.  The  same 
cascade  set  was  then  located  in  position  B,  where  it  was  fed  by  the 
other  cascade  upstream.  Similar  loss  profiles  were  pleasured  at  some  of 
the  same  locations  previously  measured.  These  are  shown  in  Figure  34. 

As  an  interesting  comparison,  the  loss  coefficient  for  the  fixed  (.astade 
with  90  cambered  plastic  blades  set  at  90  averaged  0.04  i.  The  loss 
coefficients  of  flexible  cambered  blade  cascade  in  the  upstream  position 
averaged  0.073  and  in  the  downstream  position  averaged  0.077.  The 
greater  losses  of  the  flexible  blades  are  due  to  simplified  construction, 
since  the  honeycomb -sur faced  flexible  blades  tested  in  the  transonic 
cascade  tunnel  showed  low-speed  loss  coefficients  in  the  range  of  0.010 
to  0.040. 

The  effect  of  distance  between  the  fan  and  the  reverser  assembly  was 
Investigated  by  translating  the  assembly  12  inches  aft  (1/2  fan  exit 
diameter).  The  force  results  (from  Run  12)  for  both  sing,le  and  tandem 
operation  are  shown  in  Figures  33  and  36.  This  showed  no  appreciable 
change  in  thrust  level. 

Due  to  the  fact  that  a  small  but  appreciable  amount  of  the  air  effluxing 
from  the  first  cascade  went  past  and  was  not  deflected  by  the  second 
cascade,  an  attempt  to  Increase  the  camber  of  the  first  cascade  beyond 
the  levels  tested  in  the  cascade  wind  tunnel  was  made.  With  80  camber 
in^the  first  cascade  (A),  better  results  were  obtained  compared  to  having 
78  camber  in  the  first  cascade  (A)  as  depicted  in  Figun-  37. 

The  force  results  from  Runs  16  through  27  are  shown  in  Figures  38  through 
63.  These  runs  combined  simulated  flight  tests,  ground  effect  tests  and 
cascade  settings  in  which  the  leading-edge  angle  (S^*)  were  not  equal. 

The  force  results  for  ground  effect  testing  for  Runs  16  through  2b  are 
shown  in  Figures  38  through  60. 

The  force  results  for  simulated  flight  tests  for  Runs  14  through  26  are 
shown  in  Figure  61. 

Finally,  the  force  results  for  cascade  operation  statically  for  Runs  18 
through  27  are  shown  in  Figures  62  and  63. 

EVALUATION  OF  RESULTS 


Thrust  Vectoring  Performance 

The  initial  test  phase,  Runs  I  through  14,  involved  cascadis  with  the 
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blading  adjusted  to  various  cambers  and  oriented  within  the  cascade  so 
that  the  leading-  and  traillng-edge  angles,  and  $2*’  essentially 

equal . 

By  variation  of  Itr  camber^  operation  with  a  single  cascade  is  capalile 
of  thrust  vectoring  from  0  to  64  .  The  thrust  loss  is  2-1/2  percent  at 
zero  turnigg,  and  the  loss  increases  with  increasing  turning  to  6  peiienl 
loss  at  64  of  vectoring. 

Further  vectoring  is  acccjmplished  by  operation  with  the  tandem  cascadi 
inserted  in  the  discharge  of  the  first  cascade  and  varying  the  camber  ut 
the  aft  cascade.  Insertion  of  the  second  cascade,  with  i^gro  addition 
turning,  causes  an  additional  2  percent  thrust  loss  at  64  vectc^ring. 
With  Increasing  turning  from  the  tandem  cascade,  the  losses  increase  to 
7-1/2  percent  at  90  vectoring,  and  to  12  percent  loss  at  124  vectoring. 
These  levels  are  depicted  in  Figure  64,  which  shows  the  envelope  c  f 
maximum  thrust  vector  over  the  range  of  thrust  vectoring  angles  from 
zero  to  maximum.  On  this  envelope  near  maximum  vectoring,  several  points 
beyond  124  vectoring  are  shown.  These  include  a  point  of  maximum 
reversal  thrust  and  maximum  vector  angle.  The  reduction  in  thrust  vector 
for  these  points  results  primarily  from  flow  bypassing  the  second  cascade 
due  to  the  cascade  orientation. 

For  much  of  this  operation,  the  cascade  operates  near  impulse  conditions 
so  that  the  static  pressure  before  and  after  the  cascade  is  equal  to 
ambient  pressure.  As  a  consequence,  the  operation  of  the  fan  is  un¬ 
changed  since  its  back -pressure  is  unchanged  by  the  insertion  of  tin 
cascade  system.  The  basic  fan  thrust  (Rj^)  is  reduced  by  the  losses  in 
the  cascade  to  a  resultant  thrust  (RJ.  The  cascade  loss  coefficient  can 
be  estimated  from  these  thrust  levels  by 


Based  on  this,  the  loss  coefficients  for  the  cascade  system  can  he  esti¬ 
mated  ns  a  function  of  total  vectoring  angle  as  follows: 

0.049 
64  0.116 
90^^  0.144 
12'/’  0..2) 
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It  is  seen  that  the  loss  for  two  cascades  at  maximum  turning  is  about 
double  that  of  the  single  cascade.  Thus,  the  loss  of  each  cascade  used 
in  series  is  simply  additive  with  no  further  Interaction  loss. 

At  maximum  camber,  the  overall  loss  coefficient  is  about  0.12.  From 
the  results  of  local  wake  measurements  depicted  in  Figures  33  and  34, 
the  average  local  loss  coefficient  Is  about  0.07.  This  ratio  of  overall 
loss  coefficient  to  local  loss  coefficient  Is  reasonable,  and  the 
difference  Is  due  to  the  end  losses  of  the  cascade  assembly. 

The  blade  ends  are  uncontalned  and  open  as  Is  visually  apparent  In  the 
photographs  of  Figures  41  through  44.  Consequently,  the  flow  at  the 
tips  of  the  blades  develops  appreciable  spanwlse  or  lateral  components, 
resulting  In  thrust  losses  and  poor  cascade  operation. 

The  mixing  of  the  free  jets  and  the  ambient  air  is  shown  In  Figure  63. 
Profiles  of  the  dynamic  head  in  the  region  of  the  edge  of  the  free  jet 
were  made  at  five  locations  In  the  stream  direction:  at  the  fan  dis¬ 
charge,  at  the  inlet  and  discharge  of  the  first  cascade,  and  at  the  in¬ 
let  and  discharge  of  the  tandem  cascade.  These  profiles  are  located  in 
the  figure  at  positions  corresponding  to  the  actual  streamwise  locations 
of  the  measuring  planes.  The  figure  forms  a  physical  picture^of  the 
mixing  zone.  The  mixing  zone  has  a  half-angle  of  about  4-1/2  .  The 
mixing  zone  Is  about  2  Inches  thick  at  the  first  cascade  and  about 
3  Inches  thick  at  the  tandem  cascade.  Some  of  the  lateral  or  spanwlse 
displacement  of  the  hlgh-velocl ty  flow  resulting  from  the  passage  of 
the  air  through  the  cascade  Is  apparent  from  comparison  of  the  profiles 
at  the  Inlet  and  discharge  of  each  cascade.  The  use  of  end  plates  on 
the  blade  tip  to  reduce  this  loss  and  the  use  of  ducting  to  contain  the 
free  jets  and  reduce  the  mixing  zone  thickness  at  the  edge  of  the  jet 
were  Investigated.  The  results  of  this  phase  of  testing  are  depicted  in 
Figure  66. 

The  following  observations  can  be  drawn  from  these  results: 

a)  Addition  of  end  plates  alone  does  not  reduce  losses. 

b)  Addition  of  a  duct  from  the  first  cascade  to  the  tandem  cascade 
makes  an  Improvement,  which  Is  probably  a  result  of  ducting  the 
fraction  of  flow  from  the  first  which  usually  bypassed  the  tandem 
cascade . 

c)  With  ducting  of  the  free  jets,  there  Is  a  substantial  improvement 
with  the  addition  of  end  plates. 

A  physical  model  which  Is  consistent  with  these  results  can  be  presented. 


34 


Compared  to  a  normal  boundary  layer  for  a  flow  in  a  duct,  the  mixing- 
zone  thickness  of  the  free  jet  is  very  large.  Consequently,  the 
addition  of  an  end  plate  on  the  tips  of  the  blade  is  ineffective.  Since 
the  mixing  at  the  edge  of  the  free  jet  occurs  at  constant  momentum, 
there  is  no  inherent  thrust  loss  so  long  as  all  t.ie  flow  is  effectively 
turned.  The  thin  boundary  layer  of  the  contained  flow  offers  the  poten¬ 
tial  of  more  efficient  turning  when  end  plates  are  used.  This  seems  to 
be  the  case,  as  the  combination  of  both  ducting  and  plates  obtains  the 
greatest  improvement.  Thus  the  ducting  from  the  fan  to  the  first  cas¬ 
cade  and  end  plates  on  the  blading  of  the  first  cascade  improves  the 
thrust  1-1/2  percent  to  2  percent.  The  2-1/2  percent  to  3  percent  im¬ 
provement  due  to  the  ducting  between  the  first  and  tandem  cascades  can 
be  discounted  because  it  merely  prevents  the  flow's  bypassing  the  tandem 
cascade  -  an  improvement  having  nothing  to  do  with  aerodynamic  efficiency. 
The  addition  of  the  ducting  to  the  tandem  cascade  plus  end  plates  on  the 
tandem  cascade  obtains  another  2  percent  improvement.  In  a  practical 
arrangement,  the  ducting  to  only  the  first  cascade  might  be  used  to 
obtain  a  2  percent  improvement  in  vectored  thrust. 

Practical  System 

The  features  of  a  possible  arrangement  for  a  more  practical  ihrust 
vectoring  system  have  been  discussed  earlier  in  the  report.  In  the  STOL 
phase,  only  the  fits^  cascade  is  used.  It  is  operated  at  fixed  cascade 
orientation  (y.  =  35  ^  and  with  the  blade  leading  edge  iixed  relative  to 
the  cascade  “  37  )  .  The  range  of  turning  is  iibtained  by  increasing 

the  camber  by  variation  in  the  blade  t rai  1  ing -edge  ang.le.  At  the 
maximum  camber  the  turn  is  an  impulse  turn.  At  intermedi at e  settings 
the  discharge  area  of  the  cascade  is  larger  tlian  the  tan  area  and  ttu 
cascade  acts  as  a  diffuser.  This  tends  to  lower  the  static  pressure 
behind  the  fan  to  induce  more  air  flow  through  the  fan,  but  it  causes 
the  cascade  to  operate  under  adverse  conditions.  At  the  most  extreme 
diffusion  the  flow  discharges  perpendicularly  from  the  cascade,  result¬ 
ing  in  a  vector  angle  of  35  .  This  condition  was  tested*  and  shows  a 
7-1/2  percent  Increase  in  a.r  flow  along  with  the  reduction  in  pressure 
rise  and  power  input  which  is  characteristic  of  the  fan.  The  gain  in 
thrust  due  to  the  increased  weight  flow  is  not  offset  by  any  apparent 
loss  in  cascade  performance.  Other  points  were  tested  with  higher  turn¬ 
ing  with  a  good  level  of  thrust.  These  form  the  envelope  of  Figure  40. 

In  the  proposed  practical  system,  the  tandem  cascade  operates  in  the 
transition  mode  with  a  constant  cascade  orientation  (\b  -  7  j  )  and  with 


♦Run  20,  Reading  4,  Appendix  11 
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the  leading -edge  angle  fixed  relative  to  the  tandem  cascade  (1/  =  25°). 
The  additional  vectoring  is  accomplished  by  variation  of  the  trailing- 
edge  angle  through  transition  to  the  VTOL  mode  of  90°  vectoring.  This 
latter  point  was  tested*.  Vectoring  beyond  this  point  requires  varia¬ 
tion  in  the  cascade  angle  of  the  tandem  cascade.  A  point  beyond  90° 
vectoring  was  obtained  in  this  manner.  The  tandem  cascade  operating  at 
10  positive  angle  of  attack  shows  satisfactory  performance**. 


Ground  Effect  Testing 


Ground  plane  testing  (Runs  16  through  26)  are  shown  in  Figures  58  through 
60.  Figure  58  has  plotted  all  the  ground  plane  tests  for  a  single  cas¬ 
cade.  In  most  cases,  there  was  little  significant  change  in  the  thrust 
level.  The  tendency  is  for  I  percent  decrease  in  thrust  and  a  1°  to  3° 
increase  in  turning  angle  with  the  addition  of  a  ground  plane  at  an 
average  distance  of  1^75  fan  diameters  anJ  parallel  to  the  fan  axis. 

The  run  with  0^*  =  90  ,  0^^*  =  45°  (see  Figure  58)  was  made  with  the 
plast i c -bladed  cascade  at  ground-plane  distances  varying  from  1.7  fan 
diameters  average  distance  to  2.9  fan  diameters.  This  "S"-shaped  plot 
seems  to  be  typical  for  a  series  of  ground-plane  readings  at  various 
distances  and  may  be  partly  due  to  reingestion  of  the  cascade  discharge 
back  into  the  fan.  No  record  of  reingestion  was  made  at  this  point, 
although  reingestion  was  observed  using  tufts. 
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In  Figure  59,  the  tandem  cascade  runs  for  [0^*  =  -  37  and 

=  48°,  0^*  =  25°j,  1^0^*  =  78°,  0^*  =  39®  and  0^*  =  42°,  0^*  =  37° 

and  1^0^*  =  78  ,  0^^*  =  39  and  0^*  =  48  ,  0^^*  =  37°j  show  approximately 

a  5  percent  decrease  in  deflected  thrust  with  the  addition  of  a  ground 
plane  approximately  one  fan  diameter  away.  The  tandem  cascade  run  for 

^0^*  =  78  ,  0j^*  =  39  and  0^*  =  48  ,  0^^*  =  25°J  shows  only  I  to  2  per¬ 
cent  decrease  in  deflected  thrust.  Although  this  is  at  a  greater  turn¬ 
ing  angle,  we  are  not  certain  why  the  difference  exists. 


In  Figure  60,  the  tandem  cascade  runs  for  j^0^*  =  80°,  0^*  =  39.5°  and 

0g*  =  78°,  0j^*  =  39°j  at  two  different  cascade  angles  seem  to  show  an 

"S"  shape  again  as  the  ground  effect  varies  from  no  ground  plane  to 
3.3  fan  diameter  average  distance  to  ground  plane  to  only  1.8  fan 
d i ame  ter. 


*Run  26,  Reading  4,  Appendix  II 
**Run  24,  Reading  ll.  Appendix  II 
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The  reason  for  this  is  probably  due  to  reingestion.  With  tufts  the 
flow  direction  was  determined.  This  showed  that  the  discharge  from  the 
cascades  went  first  up  one  side  of  the  wind  tunnel  plenum  ahead  of  the 
fan,  then  back  out  the  opposite  side,  which  caused  reingestion  on  one 
side.  This  flow  depended  greatly  on  ground  height  and  cascade  exit 
angle  interacting  with  the  wind  tunnel  duct  and  would  not  be  present  in 
an  actual  situation  with  an  aircraft. 

Simulated  Flight  Conditions 

The  free  jet  used  lo  simulate  a  flight  speed  equivalent  to  80  knots  has 
a  dynamic  head  which  is  only  11  percent  of  the  tan  jei  dynanic  pressure. 
This  is  true  for  the  X353-5  lift  fan  at  8C  knots  and  for  the  scale  model 
fan,  with  a  free  jet  velocity  of  38  feet/second.  Tull  observations  of 
the  flow  field  of  tne  model  in  simulated  flight  did  not  show  any  per¬ 
ceptible  effects  of  the  types  that  might  be  anticipa  ed,  namely: 

a)  No  stalling  of  the  second  cascade. 

b)  No  back  pressuring  of  the  second  cascade  causing  the  flow  from  the 
first  to  spill  around  the  second  cascade. 

c)  No  deflection  of  the  efflux  from  ttie  first  cascade. 

d)  No  appreciable  throttling  or  reduction  of  the  fan  flow. 

Some  deflection  of  the  free  jet  downstream  from  the  second  cascade  was 
observed  which  would  be  of  ot  ly  secondary  interest. 

The  relationship  between  the  forces  developed  by  a  given  c  on  f  i  ,;urat  ion 
statically  and  in  simulated  flight  is  depicted  on  Figure  bl  for  a  number 
of  configurations.  Under  the  constant  ram  conditions  e;-;isting  for  all 
the  simulated  flight  test  points,  the  fan  flow  was  higher  by  an  almost 
constant  amount  than  its  value  under  static  conditions.  The  values  of 
flow  coefficient  are  about  O.SbS  for  static  conditions  and  0.)9')  for 
simulated  flight  conditions.  Since  the  weight  flow  and  simulated  flight 
speed  are  reasonably  constant,  it  is  possible  to  compute  a  ram  drag  for 
standard  conditions  of  33.7  pounds.  If  this  drag  is  credited  to  the 
measured  net  horizontal  thrus  ,  one  obtains  the  horizontal  thrust  com¬ 
ponent  of  the  gross  thrust  vector.  From  the  horizontal  and  vertical 
components,  the  ang.le  of  the  gross  force  vector  (Bp)  hi  computed 

and  compared  with  the  value  for  static  test  of  the  saiie  i  on  f  igurat  ion . 
Moreover,  the  g,ross  thrust  vector  of  a  vectored  test  point  can  be  com¬ 
puted  and  Its  magnitude  expressed  as  a  fraction  of  the  ;.,ross  thrust  of 
the  fan  in  simulated  flight  bare  of  any  thrust  vectorin’,  iqui[)ment. 

This  thrust  ratio  (R/Ro)  can  then  be  compared  to  the  ratio  di-rived  in 
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SnfULAIlD  FLIGHT  DATA  COMPARISON 
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25 
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80 
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the  Banner  for  the  atatlc  teati  of  the  tame  configuration.  Thia  pro* 
cedure  waa  applied  to  a  nunber  of  polnta  of  Increasing  vectoring,  and 
the  gross  vector  angle  (0.)  and  gross  vector  magnitudes  expressed  on  a 
fraction  of  the  basic  fan'thrust  (R/Ro)  are  tabulated  In  Table  1. 

It  can  be  noted  that  tge  gro|S  thrust  vector  angles  for  a  given  config¬ 
uration  agree  «rlthin  1  or  2  .  A  small  2-  or  3-pound  drag,  as  might  be 
due  to  the  external  geometry,  would  reduce  this  difference  still  further. 
For  the  single  cascade  tests  the  fraction  of  basic  thrust  obtained  as 
gross  thrust  (R/Ro)  is  about  the  same  for  a  given  configuration  both  in 
simulated  flight  and  statically.  With  the  tandem  cascade,  the  fraction 
of  basic  thrust  obtained  as  gross  thrust  (R/Ro)  is  4  to  5  percent  higher 
in  simulated  flight  than  statically.  This  may  be  due  to  these  possible 
effects: 

a)  Some  effect  of  external  flow  on  the  second  cascade. 

b)  Some  induced  lift  resulting  from  an  interaction  between  the  external 
flow  and  the  deflected  fan  Jet. 

It  should  be  mentioned  that  all  these  results  have  been  interpreted  for 
a  simulated  flight  speed  of  80  knots.  This  was  based  on  the  1.10  pres¬ 
sure  ratio  fan  of  the  X3S3-5  lift  fan.  Basically  the  results  apply  for 
all  incompressible  cases  where  the  flight  speed  is  33  percent  of  the  fan 
Jet  velocity.  Consequently,  the  flight  speed  equivalent  to  these  tests 
is  higher  than  dO  knots  for  fans  higher  in  pressure  ratio  than  that  of 
the  X353-5  lift  fan. 

Discussion  of  Thrust  Discrepancy 

A  number  of  factors  are  known  to  occur  in  the  test  facility  that  con¬ 
tribute  to  a  random  variation  of  results  for  the  same  configuration. 
Anong  these  are: 

a)  A  diametrical  ^ariatign  of  fan  inlet  air  teiiq>erature  of  an  amount 
ranging  from  2  F  to  8  F. 

b)  Varying  torque  and  thrust  of  the  fan  due,  in  part,  to  random  swirl 
variations  of  the  air  ingested  by  the  fan. 

c)  The  finite  size  (4  feet  x  9  feet)  of  the  free  Jet  used  to  simulate 
the  external  flow. 

These  effects  do  not  invalidate  the  conclusions  reported  as  a  result  of 
these  tests. 
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Th«  t«ft  discrepancy  which  caused  the  nost  concern  In  this  particular 
test,  however,  is  apparent  fron  considering  Figures  52  and  64.  These 
conpare  the  results  of  tuns  1  through^l4,  and^Iuns  16  through  26.  In 
the  range  of  vector  anglee  between  20  and  90”,  the  results  froei  luns  16 
through  26  are  4  to  5  percent  higher  than  the  earlier  runs. 

The  test  vehicle  and  its  thrust  stand  were  relocated  after  Runs  1  through 
14  ware  conpleted.  Thruat  stand  calibrations  were  nade  at  the  beginning 
of  these  tests  and  at  the  end  before  relocations.  These  calibrations, 
««hile  not  identical,  did  not  show  differences  sufficient  to  explain  this 
snich  difference.  Similarly,  thrust  calibrations  nade  during  Runs  16 
through  26  did  not  show  any  changes  of  this  magnitude  except  where 
anticipated. 

There  is  the  possibility  that  the  interaction  between  the  cascade  and 
fan  of  the  configurations  tested  in  Runs  16  through  26,  which  were  in 
the  direction  of  increasing  %reight  flow,  may  have  caused  a  significant 
rise  in  thrust.  This  %rould  occur  unless  offset  by  lo%^r  Jet  velocity 
due  to  larger  effective  area,  or  lower  cascade  efficiency.  Some  config¬ 
urations  near  impulse  operation  were  rerun  in  Run  27.  These  results 
were  also  4  to  5  percent  higher  than  the  previous  impulse  configurations 
of  Runs  1  through  14,  as  shown  in  Figure  67.  It  must  be  observed  that 
these  higher  levels  for  the  single  cascade  are  most  consistent  with  all 
the  double  or  tandem  cascade  results,  and  that  the  overall  loss  coeffi¬ 
cient  of  0.12  implied  that  these  results  are  more  consistent  with  the 
local  blade  coefficients  of  0.07  as  shown  in  Figure  53.  The  wake 
measurenents  of  Figure  53  were  made  at  the  completion  of  Runs  I  through 
14  as  part  of  an  investigation  to  find  the  cause  of  the  high  loss  im¬ 
plied  by  the  single  cascade  results  of  Runs  1  through  14.  The  10  per¬ 
cent  thrust  loss  of  these  runs  implied  a  0.20  loss  coefficient,  which  is 
very  high  and  not  consistent  with  the  double  cascade  results  obtained 
during  these  same  tests. 

We  have  concluded  that  the  single  cascade  measurements  of  Runs  1  through 
14  are  low  for  reasons  we  are  unable  to  re-create  or  determine,  and  that 
the  results  of  Runs  16  through  26  are  valid. 
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APPENDIX  1  -  CHEONOLOGY  OP  NUNS 


Run 

Date 

Test 

Points 

Single 

Cascade 

Tandem 

Cascade 

Notes 

1 

4/20/64 

4 

- 

- 

2 

4/21/64 

3 

25  (13.5)* 

- 

- 

3 

4/23/64 

10 

78  (39) 

- 

• 

4 

4/24/64 

5 

- 

78  (39)  &  (0) 

- 

5 

4/27/64 

14 

35  (16.5) 

78  (39)  &  35  (16.5) 

- 

6 

4/28/64 

14 

48  (22) 

78  (39)  &  48  (22) 

- 

7 

4/29/64 

14 

56  (31.5) 

78  (39)  &  56  (31.5) 

- 

8 

4/30/64 

25 

78  (39) 

78  (39)  &  78  (39) 

90  (45)  &  78  (39) 

Trial  end  plates  (tape) 

9 

5/4/64 

2 

78  (39) 

90  (45) 

Wake  measurement 

Wake  measurement 

- 

10 

5/5/64 

2 

- 

Wake  measurement 

- 

11 

5/8/64 

12 

• 

78  (39)  6  78  (39) 

Duct  &  end  plate 
combination 

• 

12 

5/11/64 

15 

78  (39) 

78  (39)  6  78  (39) 

Relocate  cascade  B 

- 

13 

5/12/64 

5 

• 

78  (39)  6  78  (39) 

Relocate  cascade  B 
and  spill  plates 

• 

14 

5/13/64 

21 

80  (39.5) 

78  (39)  6  80  (39.5) 

80  (39.5)  &  78  (39) 

- 

15 

5/15/64 

A 

2 

• 

80  (39.5)  6  78  (39) 

* 

GP 

*  * 

♦Denotes  I*  (P^).  e*  is  actual  blade  camber;  0^  is  leading-edge  angle. 
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ArmiDzx  1  -  cnuMOLOoT  or  iums 


tun 

Date 

Test 

Points 

Single 

Cascade 

16 

5/19/64 

15 

80 

(39.5) 

17 

5/20/64 

7 

- 

18 

5/20/64 

5 

80 

(39.5) 

19 

5/21/64 

7 

90 

(45) 

20 

5/25/64 

9 

42 

(37) 

21 

5/25/64 

6 

- 

22 

5/27/64 

6 

- 

23 

5/27/64 

9 

48 

(37) 

24 

5/28/64 

12 

- 

25 

6/1/64 

9 

61 

(37) 

26 

6/1/64 

14 

- 

27 

6/6/64 

10 

78 

(39) 

60 

(35) 

28 

6/8/64 

4 

90 

(45) 

**GP  denotes  ground  plane  tests. 


(Continued) 

Tandem 

Cascade  Motes 


80  (39.5)  &  78  (39) 
80  (39.5)  &  78  (39) 


78  (39)  &  42  (37) 
78  (39)  &  48  (37) 

78  (39)  &  48  (25) 

61  (37)  &  48  (25) 
78  (39)  &  60  (35) 


CP  &  V  ** 

P 

CP  &  V 

P 

GP  &  V 

P 

GP  &  V 

P 

GP  &  V 

P 

GP  &  V 

P 

GP  &  V 

P 

GP  &  V 

P 

GP  &  V 

P 

GP  &  V 

P 

GP  &  V 

P 


Wake  measurement  only 


denotes  simulated  flight. 
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ATFntPU  III  -  SittlPUS  CALCULATIONS 


A  SMple  calculation  ualng  the  data  reduction  procedure  outlined  in  the 
Technical  Oiacuaaion,  Fhaac  Ill,  Meaaurenenta  and  Data  Reduction,  is 
illustrated  in  this  appendix.  The  data  from  Run  16,  Reading  7  is  chosen 
for  illustration. 

rOKCl  ttSULTS 

The  load  cell  readings  receive  calibration  corrections  and  ambient 
density  corrections.  Lift  and  thrust  are  defined  as  positive  forces  in 
the  vertical  and  horlsontal  directions  and  correspond  to  a  tension  force 
in  Load  Cell  Nuad>er  1  and  compression  forces  in  Load  Cell  Numbers  2 
and  3. 


Number  1 

Number  2 

Number  3 

Direction 

Compression 

Tension 

Compression 

Scale  Reading 

-79.0 

-6.5 

483.5 

Calibration 

-.^.3 

JLioi 

Force 

-84.3 

-7.2 

488.6 

iMl 

Total  Force 

-84.3 

481.4 

Density  correction: 

•  =  1.0634 

94  f  460 

518.7 

6  -  0.9868 

_  21^ 

"  29.92 

f  =  1.0796 

Corrected  forces: 

Horlsontal 

-91.0  =  -84.3 

(1.0796) 

Vectored 

487.9  =  481.4 

(1.0796) 

54 


Resultant 

R  i  =  126.5 

6 

Vector  Angle 

Pp  =  136° 

arctan 


-91 

87.9 


FAM  POWER 

The  fan  po%^r  consumption  is  computed  from  the  torque  developed  by  the 
6.385  foot  lever  arm  exerting  a  net  force  of  6.05  pounds  at  a  rotational 
speed  of  1782  r.p.m.  The  power  is  corrected  for  inlet  density: 

„  1  _  (6.05)(1.0796)(29.7)(6.26)(6.385) 

6  ■  550 

HP  ?  =  14.15. 

0 

PRESSURE  DATA 

The  pressure  data  consists  mainly  of  six-element  rakes  except  for  the 
eight  nozzle  wall  static  pressures  at  the  fan  nozzle  exit.  All  of  these 
pressures  are  measured  by  calibrated  inclined  manometers  of  approximately 
4:1  slope.  The  six-element  rakes  read  on  center  of  equal  annular  areas 
to  facilitate  area  averaging.  The  manometer  readings  are  processed  by 
a  simple  IBM  program  which  converts  each  reading  into  pressure  coeffi¬ 
cient  form.  For  the  purposes  of  this  sample  calculation,  one  element 
will  be  taken  as  typical  of  all  h4  elements: 


Manometer  Reading 
Manometer  Reference 
Inclined  Deflection 
Manometer  Slope 
Vertical  Deflection 
Pr  essure  Difference 


23.15  inches 

11.05  inches 

12.10  inches 

.2389 

2.89  inches 

15.02  pounds  per 

square  foot 
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» 


T  -  0.334 


Average  pressures  at  the  four  locations  in  the  fan  and  references  to 
and>ient  static  pressure  expressed  in  this  coefficient  form  are; 

(a)  Fan  inlet  static  pressure  =  -.3145 

(b)  Pan  inlet  total  pressure  =  4^.034 

(c)  Rotor  discharge  total  pressure  s  -f.452 

(d)  Nozzle  vail  static  pressure  =  -t-.OO? 

The  fan  inlet  flow  coefficient  is  found  from  (a)  and  (b)  above  using 

I  - 

t  «  (0.034  +  0.3145)*^ 

f  a  0.389. 

The  velocity  of  the  force  Jet  (V  )  normalized  with  fan  tip  speed  is 
obtained  from  (b)  above  by 

V  , 

^  -  (0.034)*^ 

T 

f  =  0.184 
T 

U_  ■  202  feet /second 

T 

V  ■  37.4  feet/second, 

o 
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The  fan  rotor  total  pressure  rise  coefficient  is  found  from  (b)  and  (c) 
above  as 


»10.6  '  -  0.034 

»10.6  - 

The  fan  rotor  efficiency  is  found  from 


where 

standard  density  p  =  0.00238 

o 

for  annular  area  A  =  3.1 

fan  tip  speed  =  202. 

For  this  test  point  the  rotor  efficiency  is  calculated. 


(54.4)  (0.589H0. 418) 
(14.15) 


0.945 


ANGLES 

All  angles  of  interest  are  defined  in  Figure  48.  The  angles  are 
measured  as  shown  in  Table  2. 
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TABLE  2 

EXAMPLE  TEST  DATA 


Description 

Csscede 

A 

Cascsde 

B 

AnaUi  Eelatlve  to  Pan 


(•) 

Cescsde  Orientation  Angle 

Y 

(Measured) 

35° 

95° 

(b) 

Jet  Efflux  Angle 

h 

(Equation  !)♦ 

65° 

127° 

Hardwsre  AdrIcs 

(c) 

Leading -Edge  Angle 

* 

h 

(Measured 

39.5° 

39° 

(d) 

Tralllng-Edge  Angle 

1* 

(Equation  2)* 

40.5° 

39° 

(e) 

Caaber  Angle 

0* 

A 

(Measured) 

80° 

78° 

(f) 

Orientation  Angle 

W 

(Measured) 

0° 

0° 

Air 

(g) 

Inlet -Air  Angle 

h 

(Equation  3)* 

35° 

30° 

(h) 

Discharge -Air  Angle 

h 

(Measured) 

30° 

32° 

(1) 

Turning  Angle 

e 

(Equation  4)* 

65° 

62° 

(J) 

Incidence  Angle 

1 

(Equation  5)* 

-4.5° 

-9° 

(k) 

De'.  latlon  Angle 

t 

(Equation  6)* 

10.5° 

7° 

♦where : 


Equation  1 

0j  =  Y  ^  P 

* 

Equation  2 

02  »  -  1 

Equation  3 

^lA  "  "^A 

•iB  “  Vg  - 

Equation  4 

0  =  01  +  0. 

Equation  5 

1  -  01  ^  0' 

Equation  6 

6  =  02  -  0; 
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Ficure  9a. 


Articulated  Inlet  Guide  Vanes. 
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Figure  11b  Honeycoab 


ble  Cuiber  Blades  (Concave  Side). 
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Figure  15.  Articulated-Blade  Cascade  -  High  Caaber 
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Figure  18b.  Flexible-Blade  Cascade  -  Low  Camber. 


Figure  18c.  Flexible-Blade  Cascade  -  High  Camber. 
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Inlet  Air  Angle 


o 


Figure  20 


Articulated  Airfoil.  Airfoil  Setting  Angle 


Turning  Angle  •  Static  PreSiure  Rise 

(Degrees)  Coefficient  Cp 


t 
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Figure  42  View  Looking  into  Cascade  B  Discharge. 
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